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Tandem mass spectrometry, using infrared multi-photon dissociation 
(IRMPD), sustained off-resonance irradiation (SORI), and complementary pair 
analysis has been applied to small proteins in the 3 kDa range.  In this dissertation, 
these techniques are evaluated on a larger protein, Ribosomal Protein L9, which was 
subjected to tandem mass spectrometry on a 9.4 Tesla Fourier Transform Ion 
Cyclotron Resonance (FT-ICR) mass spectrometer.  This protein was selected for its 
large size (16.3 kDa), capacity for multiple charging, and distinctive tertiary 
structure.  It consists of two terminal globular domains joined by a rigid α-helix. 
The sixteen observable charge states of L9 (+10 through +25) were 
individually isolated and dissociated.  The resulting complementary pairs and 
fragments were analyzed.  Utilizing the rules of gas-phase basicity, Coulombic 
 viii
repulsions, and the complementary pair data; the order of addition and location of 
the charged residues were determined.  It is shown that for a molecule this size, the 
protons are added to preferential sites in a sequential manner. 
Molecular modeling was used to assist with visualizing how the structure 
changes when charge is added.  The X-ray structure was used as a starting point and 
the charge was added to locations as determined in Chapter 4.  Energy 
minimizations yielded new structures for each charge state that did not retain their 
secondary characteristics.  Correlating the torsion angles between the original and 
model structures showed local areas of high correlation that ranged from 5 to 15 
residues long. 
Threshold energy data separated the charge states into two groups based on 
their dissociation energies.  +10 to +19 dissociated with a laser power of 10 Watts or 
greater, while +20 to +25 dissociated with a laser power range of 0 to 6 Watts.  It 
was determined that the protonation of Lys109 may be responsible for a structural 
change that exposed the hidden His106 thereby allowing it to become charged. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 
1.1 DISSERTATION OVERVIEW 
The purpose of this dissertation is to address where charges add in a large 
protein and if those locations affect its tertiary structure.  Ribosomal Protein L9 
(MW 16.3 kDa) was subjected to low energy dissociation to evaluate the 
applicability of Complementary Pair Analysis (CPA) as a viable technique over a 
wide range of protein sizes.  The locations of the charges were successfully 
determined using CPA and it is evident that protons are added to a protein in a 
systematic manner.  The rules of gas-phase basicity and Coulombic repulsion are 
adhered to and both direct the location of protons. 
Previous work by Stevenson developed Complementary Pair Analysis as a 
technique to locate the sites where charges reside.  Bee Venom Melittin (MW 2864 
Da) was selected as the model protein because of its small size and limited charging.  
The location of charge was successfully determined using low energy 
fragmentation.  This forms the basis of the work presented in this dissertation and 
was the initial demonstration of CPA as a viable technique for assigning charge 
location in an electrosprayed protein. 
L9 structures were created based on the X-ray structure and the defined 
charge locations arrived at via Complementary Pair Analysis.  Molecular modeling 
simulations were performed on each model to correlate the torsion angles between 
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pairs of amino acids from the simulated models and the X-ray structure.  A number 
of correlations between the models and the known solid-state structure were 
calculated, and the areas corresponding to the loops and turns in the X-ray structure 
displayed the highest correlation. 
Threshold energies for dissociation for IRMPD were derived from 
experimental data and a calibration calculation against the SORI dissociation data.  
The +20 was a point of division in threshold energies; charge states less than +20 
had high dissociation energies.  Charge states +20 and above had low dissociation 
energies.  This is indicative of a conformational shift in the +20 range.  The site of 
protonation was determined to be directly responsible for the conformational shift. 
 
1.2 INTRODUCTION AND BACKGROUND 
Mass spectrometry has developed into the major analytical tool for 
investigating biological compounds within the past two decades.  The advent of 
ionization methods capable of delivering high mass ions into the gas phase, such as 
electrospray ionization (ESI) and matrix assisted laser desorption ionization 
(MALDI), has made mass spectrometry an integral tool in the of analysis of  both 
sequence and structure of proteins. [1,2]  The ease of coupling these ionization 
methods to mass spectrometric techniques has resulted in them becoming the main 
sources of ionizing large biomolecules into the gas-phase for various forms of 
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analysis.  Fourier transform ion cyclotron resonance (FTICR) mass spectrometry is 
easily coupled with either of these techniques and has proven to be a reliable 
analytical technique for biomolecules because of its non-destructive nature, high 
mass accuracy, and high resolution capabilities. 
The following sections contain the background information necessary to 
understand the data and conclusions presented in this dissertation.  The sections 
include information on some conventional techniques for investigating protein 
structure, FTICR as a mass spectrometric technique, and the low energy dissociation 
methods employed for these studies. 
 
1.3 CONVENTIONAL TECHNIQUES FOR STRUCTURAL ANALYSIS OF 
PROTEINS 
1.3.1 Protein Digests and Gel Electrophoresis 
Solution phase digests have been at the core of techniques for structural 
analysis of proteins.  In 1953, Fredrick Sanger was the first to succeed in defining 
the complete amino acid sequence of the polypeptide bovine insulin.[3]  Since then, 
the steps for analysis have been refined and automated.  The process begins with the 
chemical cleavage of disulphide bonds between polypeptides in a multi-subunit 
protein.  The individual chains are then separated, purified, and the amino acid 
composition is determined.  A digest enzyme, such as trypsin or chymotrypsin, is 
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used to cleave each chain at specific residues.  The resulting fragments of the chain 
are separated, purified and subjected to repeated cycles of Edman degradation to 
determine the amino acid sequence.  This process is repeated to produce several sets 
of amino acid sequences that are compared in order to determine the actual 
sequence of residues for the individual chains.  The location of disulfide linkages 
can be determined by repeating the sequencing process on intact disulfide linked 
fragments.  In addition to primary sequence information, protein digests can also be 
used to ascertain locations of variants that arise from mutations or chemical 
modifications.  These experiments are typically lengthy and result in poor yield, 
which severely limit the utility of protein digest methods for probing large proteins 
(>10,000 Da). 
The products of digests are typically analyzed by gel electrophoresis[4] in 
which molecules are inserted into a cross-linked polyacrylamide or agarose gel 
support and separated by their rates of migration in an electric field.  Their 
migration rates depend on their ionic charge and size.  The main disadvantages of 
this technique are the relatively long time scale and the low mass accuracy that it 
provides (~5-10%). [5]  This poor mass accuracy is attributed to variations in 
protein conformation which affect protein mobility through the gel. 
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1.3.2 Circular Dichroism  
Circular dichroism (CD) is an indirect method used to probe protein 
secondary and tertiary structure in solution.  CD has the capability to measure the 
difference in absorption by a protein of right-handed and left-handed circularly 
polarized ultraviolet (UV) light.  Secondary structural characteristics of proteins, 
like α-helices and β-pleated sheets, are distinguishable.  For α-helices there are two 
characteristic bands of absorption at about 208 and 222 nm.[6]  This method has 
been extensively used because of its sensitivity, ease of equipment operation, fast 
and consistent data collection, nondestructive measurements, and its ability to look 
at conformation in the solution phase.[6,7]  CD is also a powerful method of 
comparing the structure of an engineered protein to its parent protein.  CD is limited 
by low resolution and interferences from aromatic amino acids which also absorb 
UV light in this region.  Another drawback is that CD spectra do not provide 
detailed structural information, as is produced by nuclear magnetic resonance 
spectroscopy and X-ray crystallography. 
 
1.3.3 Nuclear Magnetic Resonance  
Nuclear magnetic resonance (NMR) is another technique used to examine 
secondary and tertiary structure of proteins in solution.[8,9]  By measuring the short 
and long range spin coupling of neighboring atoms, NMR can produce a description 
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of protein conformation.  Improvements in NMR technology, data processing and 
analysis procedures have resulted in performing multi-dimensional experiments on 
1H, 13C, and 15N labeled proteins.  Proteins with larger molecular weights (20-25 
kDa) and more residues (150-200 amino acids) can be analyzed. [6]  NMR provides 
the advantages of being able to produce spectra with atomic resolution and can yield 
dynamic information on samples in physiological conditions.  There are drawbacks 
of this method, however, including slow data acquisition and the need for sample 
sizes in the mg range.  A compounding disadvantage is the complexity of spectral 
interpretation for proteins greater than 20 kDa in size. 
 
1.3.4 X-Ray Crystallography 
X-ray crystallography (XRC) has spectral resolution that is comparable to 
that of NMR.[10]  In this technique a protein crystal (~1 mm in size) is exposed to 
monochromatic X-rays; the intensity of the X-ray is detected in Cartesian space and 
correlated to the position of atoms in the crystal.  The structure of the protein 
typically resembles the solution phase conformation because the protein crystal 
retains some water during the crystallization process.[5]  The process of purifying 
and growing the high resolution crystals is very difficult and this is a major 
limitation of X-ray crystallography.  In many cases, the position of atoms cannot be 
determined because of poor resolution within the crystal structure.   As with NMR, 
 7
X-ray crystallography experiments are time consuming, expensive, and involve 
extensive equipment training. 
 
1.4 MASS SPECTROMETRY 
Mass spectrometry (MS) has experienced tremendous growth in its 
applications to the biochemical field during the past twenty years.  Traditional 
methods of ionization like thermospray (TS), plasma desorption (PD), and fast atom 
bombardment (FAB) are destructive to the sample.  These techniques also have low 
ionization efficiencies and the upper-limit of the molecular weights that can be 
successfully ionized is low (only about 10 kDa).  The development of MALDI and 
ESI has resulted in the production of ions from intact biomolecules with much 
higher upper mass limits of molecular weight (> 100 MDa).[11-14]  Electrospray is 
especially well suited to the study of nonvolatile biological samples because of the 
multiply charged ions it generates where MALDI typically produces singly charged 
ions.  The significance of this attribute is discussed later. 
 
1.4.1 Electrospray Ionization  
Electrospray was investigated by Zelany in the early 20th century.[15]  But 
it was not until the work of Dole et al. in 1968 that the technique gained an 
analytical application.[16]  It was first successfully coupled to a mass spectrometer 
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in 1984 by Yamashita and Fenn.[2]  Electrospray ionization (ESI) has since been 
exploited for its ability to produce multiply charged ions to the point where it is now 
the most widely used ionization method for non-volatile biological compounds.[17-
19]  It is a gentle technique that ionizes very large molecules without depositing 
sufficient internal energy to result in fragmentation or dissociation. 
Several reviews have been written to describe the proposed mechanisms for 
the formation of ions during ESI.[20-25]  The transfer of ions from the solution 
phase to the gas phase occurs via a two-stage process.  The first stage involves the 
generation of charged solvated droplets.  The analyte solution is flowed through a 
needle, with a 1-5 kV potential, that acts as an electrode to ionize the sample.  A 
Taylor cone forms at the tip of the needle and when the potential gradient generated 
between the needle and the adjacent capillary (100-400 V) exceeds the surface 
tension of the Taylor cone, then a small spray of charged droplets is expelled.[26]  
Low surface tension solvents such as methanol are typically used in ESI to help 
facilitate this expulsion process. 
The second stage of the electrospray mechanism is the desolvation process 
that produces bare ions.  Desolvation of the ions is achieved either by flowing the 
charged droplets through a counter-current gas flow or through a resistively heated 
capillary.[27]  There are two widely debated theories describing the emergence of a 
bare ion from a charged droplet.  The ion evaporation model states that when the 
droplet reaches a certain size, that the electric field is intense enough to result in the 
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direct expulsion of analyte ions.[28,29]  The charge residue model postulates that a 
series of Coulombic fissions occur.  The few remaining solvent molecules simply 
evaporate leaving the charged analyte ion.[16]  Previous work conducted by Lasater 
shows that both electrospray theories are correct, but apply in different size 
regimes.[30]  Ions with a mass of about 1 kDa or less follow the ion evaporation 
model, while ions larger than 2.5 kDa follow the charge residue model. 
Electrospray is a soft ionization technique that produces intact ions and 
preserves the higher order structure of large biomolecules.[31]  There are many 
benefits of ESI including the low limits of detection, high ionization efficiencies, 
and ability to generate positive and negative ions.[32-34]  Also, the production of 
multiply charged ions is another benefit of ESI since increasing the number of 
charges effectively decreases the mass to charge ratio, m/z.  This makes analyte ions 
generated by ESI compatible with the mass range of most instruments.  Increased 
Coulombic forces associated with multiple charging of ions also allows for efficient 
dissociation within the trapped ion cell.  ESI was first coupled to FTICR in 
1989.[35] 
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1.4.2 Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry  
Fourier transform ion cyclotron resonance mass spectrometry uses the 
interaction between a magnetic field and electric fields to trap charged particles.  
There are three types of motion characteristic of ions in FTICR experiments: 
cyclotron motion, trapping motion, and magnetron motion.  In a homogenous 
magnetic field, a particle with charge q experiences a Lorentz force perpendicular to 
the magnetic field.  This force causes the charged particle of mass m to be 
constrained to a circular orbit of a particular frequency (ω) and radius defined by the 
translational energy of the ion.  This frequency known as the effective cyclotron 
frequency, is typically on the order of 10-300 kHz, and allows for the high 
resolution detection.  This motion is described by the fundamental equation for the 
cyclotron frequency (Hz), where B is the magnetic field strength in Tesla, q is the 
charge of the particle and m is the mass:[36] 
m
qB=ω
   Equation 1.1 
The direction of the magnetic field is conventionally designated as the z-
axis, and the Lorentz force confines the motion in the x- and y-planes.  Since an ion 
has the freedom of motion along the z-axis in a strong magnetic field, the ions must 
be constrained along this axis to achieve FTICR analysis.  This is accomplished by 
two trapping electrodes to which an electrostatic potential is applied that is 
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perpendicular to the magnetic field.  This creates a potential well and causes the low 
energy ions to oscillate between the trap plates.  The observed oscillatory frequency 
has three components, as shown in Figure 1.1. 
Magnetron motion occurs as a result of the interaction of the magnetic and 
applied electric fields.  The radial field that induces magnetron motion is strongest 
at the center of the trapped ion-cell and weakens radially towards the cell boundary.  
Subsequently, the potential energy is greatest at the center of the cell and decreases 
with increasing radial distance.  Unwanted curvature of the electric field lines, from 
the finite trapping electrodes, causes the formation of a radial electric field in the 
cell that opposes cyclotron motion.  As a result, the effective cyclotron frequency 
observed is smaller than the true cyclotron frequency. The observed cyclotron 
frequency (ωo) is:  
ωo = ωc - ωm   Equation 1.2 
where ωc is the unperturbed cyclotron frequency and ωm is the magnetron 
frequency.  Any cooling of the ion magnetron motion, through neutral collisions for 
example, results is the expansion of the magnetron radius and will ultimately result 
in the loss of the ion from the confinement of the cell. 
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Figure 1.1:  Illustration of the three motions of a trapped ion in a FTICR cell: 
cyclotron (ωc), magnetron (ωm) and axial (ωz). 
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Once the ions are confined to the cell, their m/z ratios can be detected.  
FTICR utilizes excitation and detection electrodes that are collinear with the 
magnetic field for detection.  A radio frequency (rf) excitation is applied to one set 
of parallel plates (the excitation electrodes) on resonance with the cyclotron 
frequency of an ion packet.  As the ions absorb this energy, the radius of motion 
expands to slightly less than the dimension of the trapped ion cell.  Upon 
termination of the excitation event, the ions maintain a trajectory that brings them in 
close proximity of the detection electrodes.  An image current is induced on the 
detection plates.  The oscillating frequency of this image current is equal to the 
observed cyclotron frequency (ωo), and the magnitude of the current is proportional 
to the number of ions detected.  The measured transient signal consists of cyclotron 
frequencies generated by several ions of different masses if a broadband excitation 
is used.  Processing these data, using Fourier transform, results in deconvolution of 
the combined frequencies to the individual cyclotron frequencies.  Calibration of the 
resulting frequency domain signal generates the accurate mass to charge values of 
the ions. 
Modifications of the FTICR experiment can improve the performance and 
facilitate investigations of gas phase chemistry.  The application of a quadrupolar rf 
excitation results in interconversion of the magnetron and cyclotron motions.[37]  
The conversion of magnetron motion to cyclotron motion, followed by collisional 
damping of the cyclotron radius is known as quadrupolar axialization (QA).[38]  
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Axialization improves many aspects of the FTICR experiment such as mass 
resolving power, mass accuracy, cooling of internal energy, mass selectivity for 
MSn, and ion remeasurement efficiencies.[36] 
Individual ions can be isolated and subjected to dissociation techniques or 
gas phase reactants prior to the excitation and detection events.  Stored waveform 
inverse Fourier transform (SWIFT) is the most flexible method for the selective 
broadband ejection of ions.[39]  Performing an inverse Fourier transform of a 
specific magnitude/phase excitation spectrum produces an excitation waveform.  
Ions trapped in the cell are subjected to this excitation waveform and unwanted ions 
are ejected by being excited to cyclotron radii larger than the dimensions of the trap.  
The remaining, isolated ions are unaffected by the ejections of the unwanted ions. 
 
1.4.3 Instrumentation 
Coupling ESI to FTICR presents a challenge because electrospray ions are 
produced at atmospheric pressure, and high performance FTICR requires pressures 
on the order of 10-8 - 10-10 Torr.  Thus a pressure differential of ten orders of 
magnitude must be accomplished to move from the ionization stage to the detection 
stage.  Three to five stages of differential pumping is typically employed to achieve 
the necessary pressure reduction.  In addition to differential pumping across small 
orifices, shuttering devices are also used to limit the presence of background 
neutrals in the analyzer region. 
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Maintaining a focused ion beam as it traverses the pressure gradient is also 
another concern, because a spatially and kinetically broad beam of ions is typically 
generated from ESI.  The fringing magnetic field can deflect some of this ion beam 
as it approaches the magnet, which is known as the magnetic mirror effect.[40]  
Overcoming the magnetic mirror effect has been approached in two ways.  Most 
FTICR instruments generate the ions outside the magnetic field by utilizing an 
external source.  The incorporation of either electrostatic lenses and/or rf guides 
have been designed and successfully used to inject the ions into the analyzer region 
of the instrument.  Figure 1.2 shows a diagram of the 9.4 Tesla system at the 
National High Magnetic Field Laboratory (Tallahassee, FL), which uses an external 
microspray ionization source (flow rates of ~ 0.3 µL/min) and octupole rods for ion 
focusing.[41] 
The other approach that minimizes the magnetic mirror effect is the 
placement of the ionization source directly inside the strong magnetic field, where it 
is adjacent to the analyzer region.  A more complex pumping system is required in 
this configuration.  Figures 1.3 shows the 3.0 Tesla systems designed at the 
University of Texas at Austin.  The instrument employs a series of concentric tubes 
of decreasing diameter in the vacuum chamber that reduces the pressure from the 
ion source to the trapped ion cell.[42-45]  A mechanical shutter is placed before the 
trapped ion cell and acts as an additional conductance limit between the ion source 
and the analyzer region.  The shutter is opened to allow injection of ions into the 
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cell and then closed to permit efficient pumping in the detection region.  Each of 
these instruments allows for flexibility and variety in the types of experiments that 
can be performed, and produce high resolution FTICR spectra. 
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Figure 1.2:  Schematic for an external 9.4 Tesla ESI/FTICR mass 
spectrometer. 
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Figure 1.3:  Schematic for internal source 3.0 Tesla FTICR mass 
spectrometer, with three differential pumping stages. 
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1.5 UNIQUE FEATURES OF THE FTICR EXPERIMENT 
1.5.1 Non-destructive Detection 
FTICR offers a non-destructive method of detection, unlike other mass 
spectrometric techniques where ions are typically detected via collision of the ions 
with a surface.  Since detection is accomplished using an image current, the ions 
only need to be in the vicinity of the detection plates for the detection event to be 
successful.  If the ion packet can be returned to the center of the cell, the single 
packet of ions can be re-excited and detected repeatedly for it to be studied.[46,47]  
Hendrickson, et al. have demonstrated that the technique of remeasurement 
produced a ten-fold increase in signal to noise (S/N) of the peptide melittin.[48]  
Additionally, the same ion population can be used to investigate consecutive ion-
molecule reactions by applying ion remeasurement capabilities. [49] 
 
1.5.2 High Mass Resolution and Mass Accuracy 
One of the most distinguishing characteristics of FTICR is its unmatched 
high resolution capabilities.  The ability to attain ultra-high resolution results from 
long observation times; the time scale for detection is on the order of milliseconds.  
These long transient lifetimes allow for better definition of the cyclotron motion, 
and thus higher mass resolution is achieved.  Low background pressures enable 
detection of long transients by minimizing ion loss and expansion of the ion packet 
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through collisions.  Recently, unit resolution on a protein with mass of 112 kDa, at 
9.4T, and 2 million resolving power on bovine ubiquitin (MW 8645 Da) were 
reported.[50,51] 
For large biomolecule analysis, high resolution offers several benefits.  
Differentiation of adducted species (e.g. metals) and degradation products (e.g. 
water or ammonia) from the protonated molecular ions can be identified and 
distinguished.  Also, isotopic resolution allows for accurate assignments of charge 
states because the spacing between adjacent peaks is equal to z-1. 
Mass accuracy is related to the correct assignment of charge states; accurate 
mass assignments are therefore enhanced by high resolution.  When this is coupled 
with the ability of modern electronics to precisely measure frequency, better than 
parts per million (ppm) mass accuracy is common in FTICR measurements.  Senko 
and co-workers have demonstrated mass accuracy of 0.35 Da for carbonic 
anhydrase (29,023.73 Da).[52] 
 
1.5.3 Sensitivity and Detection Limits 
FTICR has proven to be an extremely sensitive method of ion detection.  
One example of this sensitivity is seen in the work of Limbach and co-workers 
where it was theoretically argued that in a 3.0 T system as few as 177 singly 
charged ions can be detected in a trapped cell.[53]  Experimentally, McLafferty et 
al. used a “pico-spray” ionization source and reported detection limits as low as 0.9  
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attomoles for bovine ubiquitin.[54]  Electrospray ionization greatly enhances the 
sensitivity because the sensitivity is dependent on the amplitude of the image 
current produced by the charges.  Consequently, biomolecules with multiple charges 
produce an amplified signal.  Recent studies by Chen et al. provide evidence of the 
improved sensitivity when a single DNA ion of mass 110 MDa with z ≈ 28,000 was 
detected.[55] 
 
1.6 STRUCTURAL ANALYSIS OF PROTEINS 
1.6.1 Primary Structure Analysis 
The application of dissociation studies for the determination of amino acid 
sequences and identification of point mutations, the amino terminus of N-terminally 
blocked proteins, sites of enzyme modifications or post-translational modifications 
has been well documented.[56-63]  Successive stages of dissociation are called 
multi-stage or tandem mass spectrometry, or also MS/MS/MS or MS3.  Protein 
sequencing by tandem ESI/MS has been accomplished by many research 
groups.[64-71]  A straightforward procedure is the chemical or enzymatic digestion 
on solution followed by MS/MS.[72,73] 
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1.6.2 Secondary and Tertiary Structure Analysis 
Initial mass spectrometric studies of protein conformation involve the 
manipulation of solution conditions and observation of the effect of those 
manipulations on the charge state distribution of the electrosprayed protein.  It was 
thought that proteins had fewer accessible ionization sites when they are in their 
tightly folded native conformations.  When unfolding occurs, more ionization sites 
become available for protonation and the result is increased abundance of higher 
charge states.  Denaturation of proteins in solution is achieved by the altering pH, 
adding organic solvents, increasing temperature, and reducing disulfide bonds. [74-
84]  Even though differences in charge state distribution are observed when solution 
conditions are perturbated, the relationship between charge state distribution and 
solution phase conformation is not fully understood.  This correlation needs to be 
studied in greater detail before it can serve as a reliable method for probing 
structure. 
 
1.6.2.1 Ion Mobility 
Collisional cross-section is a characteristic that is used to study tertiary 
structure of proteins and is referred to as ion-mobility experiments.  Different 
conformers are separated on the basis of kinetic energy differences resulting from 
collisions with background neutrals.  Ions traverse a high pressure tube and undergo 
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numerous collisions.  Those with a more open conformation undergo more 
collisions and achieve a slower velocity than ions with a more closed conformation.  
Early research in this field by Bowers identified carbon clusters based on ion 
mobility differences.[85]  Clusters up to C10+ had a linear structure and more 
complicated ring structures existed for clusters larger than C84+.  Numerous other 
studies have been performed and show the utility of separating protein conformers 
on the basis on ion-mobility differences.[86-92] 
 
1.6.2.2 Hydrogen/Deuterium Exchange 
The exchange of labile protons for deuterium is a valuable method for 
probing higher order structure.  In this process, a deuterated solvent is reacted with 
the protein of interest.  Monitoring the number of incorporated deuteriums can 
provide information on the extent protein folding.  There are two factors that affect 
the number of deuteriums incorporated.  The first is the protein conformation and 
the second is the proton affinity of the exchange sites.  A low proton affinity 
difference (~100 kJ/mol) between the deuterated solvent and a proton on the protein 
would result in exchange at that site.[93-95]  Steric factors can also affect the extent 
of exchange by blocking access to the exchange sites.  It is generally accepted that if 
a protein could exist in folded and unfolded states, that the folded state would 
experience fewer deuteriums incorporated while the unfolded conformation would 
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have more incorporation.  The use of this method for evaluating conformation of gas 
phase proteins is very common place.[96] 
 
1.6.2.3 Ion Dissociation 
Determination of protein sequence and structure by ion dissociation is very 
commonly used in conjunction with FTICR because the high mass accuracy and the 
ultra high resolution provided makes it amenable to the identification of fragments 
formed from the dissociation.[97]  A number of dissociation techniques exist that 
vary in selectivity and rate of energy deposition.  The earliest of these was nozzle-
skimmer dissociation.[98-100]  This method produced fragments by varying the 
potential difference between the capillary and skimmer cone in the high pressure 
ESI region.  The resulting dissociation was very efficient, but there was no 
precursor ion selection and this lead to complicated spectral interpretations.  This 
front end dissociation generally produced fragment ions that would normally be 
seen in later stages of multi-stage dissociation by more controlled techniques. 
The more conventional and commonly utilized dissociation techniques are 
performed on isolated ions in the trapped ion cell.  These techniques include 
collisional activated dissociation (CAD), surface induced dissociation (SID), 
blackbody infrared radiative dissociation (BIRD), sustained off-resonance 
irradiation (SORI), infrared multi-photon dissociation (IRMPD), and electron 
capture dissociation (ECD).[22,52,65,67,69,99-119]  These methods are employed 
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after ions are injected into the trapped ion cell and a charge state of interest is 
isolated.  By fragmenting only the ions of interest, the analysis of the resulting 
daughter ions is simplified.  SORI and IRMPD are of particular importance to the 
work presented in this dissertation since they were the dissociation methods 
employed. 
SORI is a dissociation method that fragments ions by depositing small 
amounts of energy and is a highly selective technique.  Radio frequency excitations 
approximately 1-2 kHz off-resonance are applied to the ions of interest.  Ions 
experiencing the out-of-phase excitation are activated and deactivated in the cell.  
Collisions with background neutral gas present in the cell slowly deposits internal 
energy on the 100 ms time scale until fragmentation occurs along a low energy 
pathway.  Threshold dissociation pathways can be investigated because the amount 
of energy deposited is so low.  Fragment ions formed (typically y and b) with 
cyclotron frequencies corresponding to the applied excitation frequency are ejected 
from the cell and cannot be detected.  This is a disadvantage of using SORI since 
blind spots are created in the spectra where these fragments should have been 
detected.  This shortcoming can be circumvented by performing two separate 
experiments in which the off-resonance excitation frequency is applied above and 
below the frequency of the precursor ion.  In SORI, dissociation occurs near the 
center of the cell, so the efficiency of fragment retention is high.  High 
fragmentation efficiency (~90%) and high resolving power (~106) are typically 
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achieved in the product ion spectra.[109]  Analysis of the fragment ions provides 
extensive information about the primary sequence and secondary structure. 
IRMPD is a dissociation technique whose coupling to FTICR offers a 
number of advantages.  Infrared photons of wavelength of ~1 µm are used to 
fragment large multiply charged ions.  Activation times range from 0.1 s up to 100 
s.  Since the laser that produces the infrared photons is on axis, the dissociation 
products are also generated on axis.  This improves the retention efficiency and 
increases the performance of multi-stage ion dissociation.  Additionally, it is not 
necessary to subject the system to high gas loads that may decrease the sensitivity 
and resolution of the instrument.  IRMPD produces fragmentation spectra that are 
very similar to SORI with the addition of internal fragments.  Typical dissociation 
efficiencies are in the 30-80% range.[67] 
Electron capture dissociation uses low energy electrons (<0.2 eV) to 
routinely produce abundant fragmentation of multiply charged electrospray proteins 
with masses up to 10 kDa (though fragmentation of proteins as heavy as 42 kDa has 
been demonstrated).[120]  The fragmentation observed from ECD varies from other 
dissociation techniques because it results in extensive backbone cleavages.  This 
results from the amine bond cleavage and produces predominantly c and z⋅ 
fragments, while other dissociation methods produce b and y fragments from the 
amide bond cleavage.[121]  Precursor ions are fragmented with an efficiency of 80 
± 15%, and this method is an excellent source of both sequence and structural 
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information because of the high extent of fragmentation and the ease of spectral 
interpretation.  Sequence positions of post-translational modifications, like 
carboxylation, glycosylation and sulfation, are more easily assigned by ECD since 
these functionalities are intact post-dissociation.[122] 
 
1.7 CONTEXT FOR DISSERTATION 
Previous work, conducted by Liz Stevenson, established Complementary 
Pair Analysis (CPA) as a viable method to identify the location of charge in a small 
peptide.[123]  The inconclusive nature of traditional methods to investigate gas-
phase structure resulted in the use of low energy dissociation to generate b/y 
fragments, which, if arising from the cleavage of the same peptide bond with a mass 
and charge summing to that of the parent ion, form a complementary pair.  When 
complementary pairs arise from a series of different peptide bond cleavages over the 
backbone, the location of the charge can be bracketed and assigned to a specific 
basic residue. 
The peptide subjected to this analysis was Bee Venom Melittin, which was 
chosen because of its relatively small size (2846.5 Da), well-defined α-helical 
conformation, and limited charging.  Analysis of the complementary pairs yielded 
definitive charge locations for charge states +2 through +5.  Synthetic analogs of 
melittin, in which basic residues were substituted with neutral alanine, were 
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employed to corroborate the preferential addition of the charge to the peptide.  The 
analogs supported that both gas-phase basicity of the basic residue and Coulombic 
repulsions contributed to the next site of proton addition. 
Using the locations of charge identified by CPA, the charged peptides were 
subjected to molecular modeling simulations in an effort to visualize the gas-phase 
structure of each charge state.  Simulations showed that the addition of the 5th 
charge resulted in the movement of the residue’s side chain, and thereby changing 
the shape of the molecule. 
These findings form the basis of this dissertation.  Understanding the 
specific location of charge in a protein and how those locations affect the 
dissociation patterns is a notable contribution to the field.  Knowledge of how the 
charge influences structure and how structure influences fragmentation will increase 
the value of the information contained in low energy dissociation mass spectra. 
 
1.8 CHAPTER OVERVIEWS 
1.8.1 Chapter 2:  Literature Review of Ribosomal Protein L9. 
This chapter presents the justification for selecting Ribosomal Protein L9 as 
the subject of these studies.  It was selected for its distinctive three-dimensional 
structure which has been characterized by X-ray crystallography.  The protein has a 
dumb-bell like appearance with two terminal globular regions that are joined by a 
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rigid α-helix.  The globular regions are a combination of α-helices, β-sheets, loops, 
and turns.  The literature shows that the α-helix is one of the strongest helices 
known to man, that the terminal globular regions fold with different rates and 
independently of each other.  These characteristics enable independent consideration 
of the three regions which aids in data interpretation.  The 30 basic residues and N-
terminus promote multiple charging during the electrospray process, thereby 
enabling the 16 observable charge states, from +10 to +25 to be dissociated using 
low energy dissociation techniques. 
 
1.8.2 Chapter 3:  Dissociation Data for Ribosomal Protein L9. 
Chapter 3 catalogs all of the b/y fragments detected and identified from the 
dissociation of the 16 observable charge states using infra-red multi-photon 
dissociation (IRMPD) and sustained off-resonance irradiation (SORI).  Variable 
laser power was used to fragment the isolated charge states by IRMPD.  The 
resulting fragmentation occurred in localized areas of the protein, with hardly any 
fragmentation of the α-helix being detected.  Locations adjacent to acidic residues 
and lysines showed increased fragmentation.  Loss of neutral molecules (water and 
ammonia) was observed at high laser powers for the low charge states and at low 
laser powers for the high charge states.  SORI data was collected for charge states 
+20 through + 22 because of the inconsistent behavior of fragmenting at 0 Watts of 
laser power. 
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1.8.3 Chapter 4:  Complementary Pair Analysis to Assign Charge 
Location in L9. 
Complementary pair analysis was successfully applied to the fragmentation 
data and the location of charge in electrosprayed L9 was assigned.  A 
complementary pair is produced when a b/y fragment pair results from the cleavage 
of the same peptide bond and the summation of mass and charge of both fragments 
results in the parent ion.  Other fragments generated from the dissociation process 
were used to confirm the information derived from the complementary pairs.  The 
rules of both residue gas-phase basicity and Coulombic repulsions were applied 
when regions of ambiguity arose.  The use of sequential charge states allowed the 
determination of not only location of charge, but also the order of charge addition.  
L9 has 31 potential charge sites and +25 is the maximum charge state observed. 
 
1.8.4 Chapter 5:  Molecular Modeling Simulations of the Charge 
States of L9. 
Model structures of each charge state generated from the X-ray structure and 
the charge location assignments were subjected to an AMBER force field energy 
minimization using HyperChem.  The simulations were unable to preserve the 
secondary structure of the ions, but it outputted a structure of loose loops on both 
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termini separated by an extended chain of residues.  Torsion angles were used to 
correlate the structures.  Correlation over the enter sequence of the protein was poor 
between the models and the X-ray structure.  When analyzed locally, the regions of 
high correlation between the models and X-ray were identified as loops and turns 
from the X-ray structure.  When the model of (M+nH)+n was compared to the model 
from n+1, the lower charge states were better correlated that the upper charge states. 
 
1.8.5 Chapter 6:  How Threshold Dissociation and Fragmentation 
Pathways Relate to Structure. 
A structural change is proposed to be occurring at charge state +20.  
Threshold dissociation of +10 to +19 required at least 10 Watts for threshold 
fragmentation, while +20 to +25 required laser powers of less than 6 Watts.  
Calibration against the SORI data showed internal energies of the +20 and +21 ions 
to be 0.7 eV, compared to ~4 eV (+10 to +19) and ~2 eV (+22 to +25).  The 
appearance of neutral fragments in the low power dissociation spectra of charge 
states over +20 (inclusive) also indicates a change.  From the assignment of charge, 
no histidines have been protonated before +20.  At +20, His 106 is protonated and 
the remaining two residues at +23 and +24.  The protonation of histidines in the 
higher charge states could explain the dramatic shift in the behavior from the lower 
charge states to the upper charge states. 
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CHAPTER 2: LITERATURE REVIEW OF RIBOSOMAL PROTEIN L9  
2.1 INTRODUCTION 
Ribosomal protein L9 from Bacillus stearothermophilus contains 149 amino 
acids.  It is located in the large subunit of the ribosome and appears to be well-
exposed on the ribosome surface.[1]  L9 is a molecular strut within the ribosome 
consisting of two globular, RNA-binding domains separated by a nine-turn 
connecting helix as seen in Figure 2.1.  Details of L9’s secondary structure, as 
elucidated by X-Ray diffraction, are illustrated in Figure 2.2.[2]  Based on these 
data, Hoffman et al. concluded that the N-terminal domain consists of a three-
stranded anti-parallel β-sheet sandwiched between a small helix and the N-terminal 
end of the central helix.  Two residues from the central helix (Leu44 and Leu47) 
abut against the β -sheet and form part of the hydrophobic core of the N-terminal 
domain.  The C-terminal domain contains two long loops, an α-helix, and a three-
stranded β -sheet which packs against the C-terminal end of the helix.  There are 
three residues from the central helix (Ala65, Leu68, and Leu72) form part of the 
hydrophobic core of the C-terminal domain, while Leu62 caps the hydrophobic core 
and is partially protected from the solvent.  The central α-helix, extending from 
residue 41 through 74, is one of the strongest known α-helical configurations.[3]  It 
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is suggested that it acts as a rigid spacer that helps to orient the positions of the N 
and C-terminal domains in order to facilitate binding to other RNA proteins.[4-6] 
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Figure 2.1:  Ribbon diagram of ribosomal protein L9.  MOLSCRIPT was 
used to generate this diagram.[7]  The primary structure for L9 with basic 
residues bolded and acidic residues underlined is shown. 
Amino Acid 41 
C-Terminal 
N-Terminal
Amino Acid 74 
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Figure 2.2:  Diagram showing secondary structural characteristics of 
Ribosomal Protein L9.[2] 
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The length of the long α-helix is invariant across different species and its 
central residues are predominantly hydrophilic, but the exact sequence of the helix 
varies considerably.  The exceptions are the residues that pack against the two 
terminal domains, which are conserved among the different species.[2,8]  This 
unusual structure is maintained in aqueous solution.[3,9]  It has been proposed that 
L9 acts as a mechanical sensor in within the ribosome.  The average mass of L9 is 
16311.17 Da.  It contains 30 basic residues in addition to the N-terminal methionine, 
and 17 acidic residues.  Its primary sequence, from the N-terminus, is also shown in 
Figure 2.1.  The basic residues are highlighted in bold typeface and acidic residues 
are underlined. 
 
2.2 ALPHA-HELIX STABILITY IN RIBOSOMAL PROTEIN L9 
The two globular domains of L9 are connected by a nine turn, 34 residue α-
helix.  In solution phase, the middle 17 residues are exposed to the solvent.  The 
first seven pack against and form part of the N-terminal domain, and the last ten 
form part of the C-terminal domain.  The helix appears to act as a rigid spacer 
responsible for orienting the N and C-terminal domains so that they are properly 
positioned to bind to RNA.  Kuhlman, et al. shows that a peptide equivalent of the 
complete central helix in aqueous solution is >85% helical at 1oC, and 68±7% 
helical at 25oC.[3]  When comparable experiments were conducted on the middle 17 
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residues of the helix in the same group, the protein was found to have only 41±4% 
helical nature at 1oC.  It was shown that the helix has a high intrinsic stability even 
in the absence of the rest of the protein.  Circular dichroism (CD) was used for these 
determinations.  For the 27 residue peptide corresponding to the H-helix of 
myoglobin, experiments showed it to be only 30% helical at 0oC.[10]  There are 
other proteins that contain long, solvent exposed α-helices in their crystal structure 
(calmodulin and troponin C) that do not maintain the helical regions in solution.  
NMR studies show that the helical regions of these molecules are flexible and 
disordered in solution.[11,12]  It has been hypothesized that the critical difference is 
that the central helix of L9 plays an essential role in while the helices of troponin C 
and calmodulin do not.  To observe typical helical structure, the helix inducing 
solvent, trifluoroethanol (TFE), is often required.  The high propensity of L9 to form 
and retain its helical structure in aqueous conditions, and in the absence of TFE, 
highlights a potential role for the helix in early stages of the folding process, and the 
important relation of its solution structure to function. 
 
2.3 FOLDING OF THE GLOBULAR DOMAINS 
NMR and stopped-flow fluorescence studies performed in the Raleigh 
group, determined folding and unfolding rate constants for the globular domains in 
L9.[13]  It was found that the two domains fold independently and at different rates.  
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The rate constants for the N-terminal domain were greater than those of the C-
terminal domain by two or three orders of magnitude.  These constants suggest that 
the folding of the domains occur independently.  The N-terminal domain, both in 
isolation and in the intact protein, folds very rapidly.  Since the biological activity of 
L9 is dependent on the bilobal structure of the protein, the observed difference in 
folding rates have not been implicated in its binding to RNA.  It has been suggested, 
however, that the rapid folding of the N-terminal domain may offer some protection 
from proteolysis.[14] 
 
2.4 ANALYSIS OF INDIVIDUAL L9 DOMAINS 
Luisi, et al. synthesized and studied peptides representative of the N-terminal 
domain.[15]  For each region of specific secondary structure, a single peptide was 
made and their conformational preferences investigated using NMR and circular 
dichroism.  They found that the helices and the turns of the smaller peptides 
mimicked the secondary structure of the intact domain.  They suggested that since 
the helices and turns can be stabilized by local interactions, they would have a 
greater tendency to adopt native-like structure in isolation than the peptides derived 
from the β -sheet regions.  Even with the use of another peptide with residues 1-51, 
the same folds were adopted, and the rates, as measured with stopped-flow 
fluorescence, were identical to the N-terminal of the intact protein.[16] 
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The Raleigh group performed pH jump experiments to investigate if the 
folding of the C-terminal was affected by whether the N-terminal was folded or 
not.[17]  They found that the rate of folding and unfolding of the C-terminal domain 
was characteristically slower than the rates associated with the N-terminal domain.  
They found this to be the case regardless of if the N-terminal globule was folded or 
unfolded.  This result suggested that the slow folding of the C-terminal domain was 
not a consequence of the unfavorable interactions with the rest of the protein. 
2.5 CONSIDERATIONS FOR MASS SPECTROMETRIC DISSOCIATION OF 
L9 
The ability to integrate information about protein fragmentation into the 
processes of protein identification and peptide sequencing requires understanding 
how these biomolecules fragment in the gas-phase.  The effect of sequence on 
fragmentation and the relationship between fragmentation and the presence of 
charge has been previously investigated.[18-22]  It has been shown that the presence 
and location of chargeable amino acids in the primary sequence of the protein 
important effects on fragmentation.  Table 2.1 shows how these acidic and basic 
amino acids are distributed within the three structural domains of L9.  Cleavage of 
the amide bond is typically dominant during various fragmentation processes and a 
series of b and y fragments are produced.  The fragment nomenclature was first 
proposed by Roepstorff et al. and subsequently modified by Johnson et al.[23,24]  
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The nomenclature details are shown in Figure 2.4 and are used throughout this 
dissertation. 
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Table 2.1: Distribution and numbers of chargeable amino acids in L9. 
 
 N-Terminal Domain α-Helix C-Terminal Domain 
Basic Residues 8 Lys 8 Lys 8 Lys 
  1 Arg 3 Arg 
   3 His 
Acidic Residues 2 Asp 6 Glu 2 Asp 
 2 Glu  5 Glu 
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Figure 2.3: Illustration of location of cleavages and the nomenclature of 
resulting fragment ions generated from backbone amide bond cleavage. 
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One of the most prominent effects of sequence on fragmentation is the 
selective cleavage on the C-terminus of acidic residues.  This is an enhanced 
cleavage site because the acidic proton of the side-chain serves to initiate cleavage 
at the amide bond immediately C-terminal to aspartic acid or glutamic acid, thereby 
producing an anhydride.[25]  A similar enhanced cleavage site occurs when the 
side-chain of histidine is protonated.  The histidine side-chain turns into a weak acid 
when protonated and it can also initiate backbone cleavage by transferring its proton 
to the backbone.  This histidine enhanced cleavage is different because instead of 
producing an anhydride, a cyclic structure is made.[26]  Studies of short peptides 
using derivatization to fix charges in specified locations show that when arginine 
and aspartic acid are both present, and the number of protons exceeds the number of 
arginines, nonselective cleavages occur.[27]  L9 only contains four arginine 
residues, and change states starting at +10 are observed.  So in every case presented 
in the following chapters, the number of protons added during the ionization process 
exceeds the number of aspartic acid residues.  Fragmentation N-terminal to proline 
is another cleavage frequently occurring in dissociation studies of proteins and 
peptides.  It was found that when certain residues are found N-terminal to proline 
(His, Asp, Val, Ile and Leu), there is evidence of enhanced cleavage.[28]  There are 
three such sites in L9 that correspond to the regions of more enhanced cleavage N-
terminal to proline. 
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2.6 CONCLUSIONS 
The unique tertiary arrangement of L9 makes it amenable to probing its gas-
phase structure using mass spectral techniques.  The protein consists of two terminal 
globular units connected by a nine turn α-helix.  Its characteristic structure provides 
a variety of unique regions with the potential for very different fragmentation 
patterns in the gas-phase.  Previous work by other groups involved investigating the 
rates of folding of the two domains, the stability of the α-helix, and the interaction 
of the domains make it possible to consider the three regions of this protein as 
distinctly different.  This ability to define the protein as these three regions proves to 
be very useful for data analysis and presentation. 
The presence of histidines, prolines, and acidic residues provide potential 
locations of enhanced cleavages.  These pathways are further investigated using 
threshold energy dissociation, and the resulting fragments form the basis of 
assignments of the sequential charge addition in the observed charge states.  The 
accessibility of alternate low energy pathways for fragmentation is also investigated 
and presented. 
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CHAPTER 3: DISSOCIATION DATA FOR ELECTROSPRAYED 
RIBOSOMAL PROTEIN L9 USING FTICR-MS 
3.1 INTRODUCTION 
This chapter presents the dissociation data that were acquired when L9 was 
subject to infrared multi-photon dissociation (IRMPD) and sustained off-resonance 
irradiation (SORI) using FT-ICR-MS.  The isolation of each of L9’s observable 
charge states enabled low energy dissociation to be performed.  The general 
fragmentation presented here is used in subsequent chapters to define the location of 
charge using complementary pair analysis.  The location of charge was used to 
create model structures that were subjected to molecular modeling simulations.  
Threshold energy for dissociation was determined to establish the lowest energy 
fragmentation pathways. 
When L9 is electrosprayed in the positive mode, sixteen charge states are 
observed.  Each charge state is subjected to dissociation experiments while varying 
the dissociation energy thus yielding a large body of data.  In order to extract useful 
information from these results, it is necessary to catalog the spectra and the data 
contained in each spectrum.  These data are the foundation of the analyses presented 
in Chapters 4, 5, and 6.  Tabulated lists of b and y fragments are presented, with the 
complete collection of spectra cataloged in the Appendix A.  Regions that are highly 
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susceptible to cleavage are highlighted, along with situations that promote losses of 
small neutral molecules, like water and ammonia. 
Only b and y fragments are presented since they are the fragment types 
typically observed when sustained off-resonance irradiation (SORI) and infrared 
multi-photon dissociation (IRMPD) are used to effect dissociation.[1,2]  Internal 
fragments, generated from the b/y cleavage of two peptide bonds and containing 
neither terminus, were likely formed because of the nature of IRMPD.  The 
fragment ions are produced on axis at the center of the cell, and remain in the laser 
beam’s cross-section thereby increasing the likelihood of internal fragment 
formation.[2]  These internal fragments have not been identified because of to the 
very high number of possible internal fragments (~40,000) that could be generated.  
The presence of multiple fragments of the same average mass and the same charge 
state makes their assignment impractical.  Even with FTICR’s excellent resolution, 
and mass accuracy, the internal fragments could not be definitively identified. 
 
3.2 EXPERIMENTAL 
3.2.1 Sample Preparation 
The original ribosomal protein L9 sample was provided by Dr. David 
Hoffman (Austin, TX) as a stock solution with a concentration of 2 mg/mL in water, 
and was used without further purification.  L9 solutions with final analyte 
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concentrations of 10 M in a 50:49:1 (v:v:v) methanol:water:acetic acid or 50:50 
(v:v) methanol:water were prepared.  Samples were introduced into the electrospray 
chamber at a flow rate of 0.5 µL/min, using a syringe pump (Harvard Apparatus, 
South Natick, MA). 
3.2.2 Instrumentation 
Experiments were performed on a 9.4 Tesla external source ESI/FTICR/MS 
(National High Magnetic Field Laboratory, Tallahassee, FL).  The details of the 
spectrometer have been described elsewhere.[3]  A Chait-style electrospray source, 
with a 25 µm i.d. fused silica spray needle, was interfaced to this system.  Ion 
desolvation was accomplished using a resistively heated, 500 µm i.d. stainless steel 
desolvating capillary.  Upon exiting the desolvating capillary, ions were focused 
into a 0.8 mm i.d. octopole rod set with the use of an electrostatic tube lens.  The 
ions passed through a 0.8 mm diameter skimmer to a 60 cm RF-only long octopole, 
where they were accumulated by biasing its entrance and exit conductance limits to 
a positive potential for 2-5 s.[4]  They were then transferred by a second octopole (2 
m in length) to a 4-inch diameter open cylindrical Penning ion trap.[3] 
The charge state of interest was isolated using a stored waveform inverse 
Fourier transform (SWIFT) waveform.[5]  Upon isolation, infrared multi-photon 
dissociation (IRMPD) and or sustained off-resonance irradiation (SORI) was 
applied to the ions to induce fragmentation.  IRMPD was achieved using 0.5 s shots 
from a continuous wave CO2 laser.  The laser power was varied from 1 W to 20 W, 
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with an additional blank spectrum collected for each charge state where the laser 
power was set to 0 W.  SORI was performed on the +20, +21, and +22 charge states 
in order to provide additional information on these charge states.  The excite 
frequency was applied at 1000 Hz above and below the observed cyclotron 
frequency of the precursor ion.  The ions were subjected to the off-resonance excite 
frequency for 0.25 s at cell pressures of 1 x 10-6 Torr of nitrogen. 
After a cooling delay of up to 5 s, fragment ions were excited with a 
frequency excitation sweep from 36 kHz to 655 kHz at 215 Hz/µs.  Spectra were 
acquired in direct mode over a 640 kHz bandwidth with 1 M data points.  Spectra 
shown are the sum of a minimum of 25 scans.  Typical cell pressures were in the 
mid- 10-9 Torr range during the detection events.  The MIDAS data station 
controlled the instrument and data acquisition.[6] 
3.2.3 Data Analysis 
Primary data analysis was performed in MIDAS Analysis.  Peak lists were 
generated using THRASH, the built-in automatic functions for peak picking, 
applying centroid fitting for each peak.[7]  The automatic peak selection was 
inspected visually and adjusted when necessary.  Peaks with signal-to-noise less 
than 3:1 were not included in the peak list.  Each peak list was then reduced to a list 
of isotopic clusters and the monoisotopic mass to charge was used to determine the 
fragment identity.  A total list of fragments as generated by MS-Product was also 
used to verify the identity of the peaks.[8]  Spectra are presented as figures 
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generated from ICR 2LS.[9]  This experimental outline applies to the data in 
Chapters 4, 5, and 6. 
 
3.3 RESULTS AND CONCLUSIONS 
Figure 3.1 shows the full charge state envelope of L9.  Charge states +10 
through +25 were routinely detected.  Isotopic resolution is demonstrated by the 
insets for charge states +10, +17, and +25.  The ability to observe isotopic resolution 
is essential to assigning charge states to the fragments that result from dissociation.   
The charge state envelope displayed a bimodal distribution with the +17 was 
the most abundant charge state.  A high abundance distribution involving the +17, 
+19, and +20 charge states was observed, and a lower abundance distribution 
comprised of the remaining charge states.  Konermann presented evidence that 
changes in tertiary structure are reflected in the abundance and distribution of the 
charge states in the charge envelope.[10]  The shift from low to high charge states 
occurred as a result of the breakdown in tertiary structure.  Recent studies have been 
focused on how charge-state distribution and abundance can indicate changes in 
secondary and tertiary structure.[11-14]  It has suggested that Coulombic repulsion 
considerations override intermolecular stabilizations resulting in more compact 
conformations of the higher charge states.  Babu et al. related bimodal distributions 
to partially unfolded proteins with induced α-helices when methanol is the 
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solvent.[15]  Other experiments showed that the two distributions may be inter-
converting conformers. 
Figure 3.2 shows the general regions of L9 where elevated amounts of 
fragmentation were observed.  On the N-terminus, Lys7 through Lys15 showed high 
fragmentation.  Also on the N-terminus, Asp23/Gly24 was a very facile cleavage 
point.  Leu35 through Thr40 was the final region on the N-terminus that showed 
high fragmentation across most of the charge states.  On the α-helix, fragmentation 
was prominently lacking except for pair, Glu70/Gln71, in only 4 charge states.  On 
the C-terminal, fragmentation was predominantly localized between Val132 and 
Lys149.  There were two pairs of amino acids showed fragmentation across most of 
the charge states, Asp111/Lys112 and Asp119/Ala120.  Other b/y fragments are 
present, but these highlight the area that repeated show up in different charge states. 
Also evident is the appearance of loss of neutral molecules in some of the 
spectra.  The data showed that the loss of water and ammonia molecules was most 
widespread in the lower charge states and at high dissociation energies.  But at the 
+20, this was the first instance in which neutral molecule losses appeared in the low 
energy spectra. 
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Figure 3.1:  Charge state envelope of electrosprayed Ribosomal Protein L9.  
Charge states +10, +17, and +25 are shown in insets to illustrate the isotopic 
resolution capabilities of the 9.4 Tesla mass spectrometer. 
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Figure 3.2:  Amino acid map of L9 showing the general areas of 
fragmentation across the charge states. 
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Table 3.1 shows a matrix identifying the IRMPD data that were obtained.  
This data set consists of 115 spectra acquired at varying laser powers.  A blank 
spectrum was always obtained, with the laser power set to 0 Watts, as a control.  
The fragments that were detected in these blank spectra were usually of very low 
relative abundances. 
Tables 3.2 through 3.17 show all of the identified b and y fragments, and 
their charge, for each of the spectra obtained.[16]  Tables 3.18 through 3.20 provide 
the analagous results from the sustained off-resonance irradiation of the +20 through 
+22 charge states.  The nature of the off-resonance excitation in SORI results in a 
blind spot in the spectrum, so two spectra were collected for each SORI data point.  
The tables display the merging of the resulting fragments from the both spectra so as 
to eliminate the blind spot.  Complementary pair analysis is used to determine where 
charge is located on the protein.  A complementary pair is a pair of b/y fragments 
that result from cleavage of one peptide bond and the addition of their masses and 
charges result in the parent ion’s mass and charge.  Chapter 4 makes extensive use 
of these data and the presence of complementary pairs therein to deduce the location 
of the charge for each observable charge state.  The fragment tables are also used to 
determine the threshold dissociation laser power for the IRMPD data.  The 
implications of the threshold dissociation data are discussed in Chapter 6. 
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Table 3.1:  Matrix of the dissociation spectra obtained by IRMPD for each charge 
state of L9.  The laser power for dissociation is in Watts. 
 
Laser 
Power +10 +11 +12 +13 +14 +15 +16 +17 +18 +19 +20 +21 +22 +23 +24 +25
0W + + + + + + + + + + + + + + + +
1W +
2W + + + + + +
3W + + + + + + +
4W + + + + + + + + + + +
5W + + + + + +
6W + + + + + + + + +
7W + + + + + + +
8W + + + + + + + + + + + + +
9W + + + + +
10W + + + + + +
11W + + +
12W + + + + + + + + + + +
14W + + + +
16W + + + + + +
18W +
20W + + + +
Charge State
 
 
 69
Table 3.2:  Fragments for the +10 charge state at varying laser power (Watts). 
0W 7W 8W 9W 10W 12W
b-4 +1 b-23 +2 b-23 +2 b-23 +2 b-10 +1 b-10 +1
b-8 +2 b-8 +2 y-148 +10 b-4 +1 b-23 +2 b-14 +2
y-138 +9 y-138 +9 b-7 +3 y-126 +8 b-23 +2
y-4 +1 y-5 +2 b-8 +4 y-133 +9 b-37 +3
y-8 +2 y-133 +9 y-138 +9 b-4 +1
y-138 +9 y-148 +10 b-40 +3
y-8 +4 y-4 +1 b-6 +1
y138-NH3 +9 b-7 +1
b-9 +2
y-126 +8
y-138 +9
y-148 +10
y-5 +2
y138-H2O +9  
 
Table 3.3:  Fragments for the +11 charge state at varying laser power (Watts). 
0W 7W 8W 9W 10W 11W 12W 16W
b-11 +3 b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +1
b-4 +1 b-147 +11 b-23 +2 b-139 +10 b-116 +8 b-15 +2 b-139 +10 b-112 +8
b-8 +2 b-23 +2 b-24 +4 b-23 +2 b-13 +2 b-19 +2 b-15 +2 b-12 +2
y-139 +10 b-8 +2 y-139 +10 b-4 +1 b-139 +10 b-23 +2 b-19 +2 b-12 +1
y-4 +1 y-139 +10 y-4 +1 y-147 +10 b-15 +2 b-36 +3 b-23 +2 b-14 +2
y-6 +1 y-15 +4 y-5 +2 y-7 +3 b-19 +2 b-4 +1 b-35 +3 b-15 +2
y-8 +2 y-4 +1 y-6 +1 y-8 +2 b-23 +2 b-7 +1 b-36 +3 b-18 +2
y-6 +1 y-7 +3 b-4 +1 b-8 +2 b-7 +1 b-19 +2
y-8 +2 b-7 +1 y-125 +9 b-70 +5 b-23 +2
b-70 +5 y-134 +10 b-8 +1 b-36 +3
b-8 +2 y-148 +11 b-9 +1 b-37 +3
y-134 +10 y-33 +3 y-125 +9 b-39 +4
y-139 +10 y-38 +4 y-139 +10 b-39 +3
y-148 +11 y-8 +2 y-148 +11 b-6 +1
y-33 +3 b23-H2O +2 y-2 +1 b-7 +1
y-4 +1 y-30 +3 b-8 +2
y-8 +4 y-33 +3 b-8 +1
y-8 +3 y-38 +4 b-9 +1
y-8 +2 y-6 +1 y7-H2O +1
y8-NH3 +1 y-7 +3 b15-H2O +2
y148-H2O +11 y33-H2O +3 b8-H2O +1
b36-H2O +3 b19-H2O +2
y139-H2O +10 y30-H2O +3
b70-H2O +5 y20-H2O +2
y33-H2O + 3
b36-H2O +3
b37-H2O +3
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Table 3.4:  Fragments for the +12 charge state at varying laser powers (Watts), 
continued on next page. 
0W 8W 9W 10W 11W 12W 14W 16W
b-8 +2 b-147 +11 b-147 +11 b-10 +1 b-10 +1 b-10 +1 b-111 +8 b-10 +1
y-6 +2 b-23 +2 b-23 +2 b-14 +2 b-119 +8 b-116 +9 b-119 +8 b-110 +8
y-126 +10 y-126 +10 b-147 +11 b-14 +2 b-116 +8 b-12 +2 b-116 +8
y-130 +10 y-126 +8 b-23 +2 b-147 +11 b-139 +11 b-14 +2 b-12 +2
y-139 +11 y-130 +10 b-4 +1 b-23 +2 b-14 +2 b-148 +12 b-12 +1
y-142 +11 y-139 +11 b-70 +6 b-36 +4 b-147 +11 b-23 +3 b-129 +10
y-142 +11 y-126 +10 b-37 +4 b-23 +2 b-23 +2 b-139 +11
y-8 +2 y-126 +9 b-70 +6 b-38 +4 b-36 +4 b-14 +2
y-130 +10 b-70 +5 b-39 +4 b-36 +3 b-14 +1
y-139 +11 b-8 +2 b-39 +3 b-37 +4 b-145 +11
y-142 +11 y-109 +9 b-70 +6 b-38 +4 b-147 +11
y-30 +4 y-126 +10 b-70 +5 b-38 +3 b-148 +12
y-130 +10 y-126 +9 y-109 +9 b-39 +4 b-15 +2
y126-H2O +10 y-126 +8 b-40 +4 b-39 +3 b-17 +2
y-109 +8 y-110 +9 b-19 +2 b-23 +3
y-134 +10 y-111 +8 b-7 +1 b-23 +2
y-139 +11 y-126 +10 b-70 +6 b-36 +4
y-139 +9 y-126 +8 b-70 +5 b-36 +3
y-139 +8 y-130 +10 b-8 +2 b-37 +4
y-141 +11 y-134 +10 b-9 +1 b-38 +4
y-142 +11 y-135 +10 y-109 +9 b-38 +3
y-30 +4 y-139 +11 y-110 +9 b-39 +4
y-38 +5 y-139 +9 y-111 +9 b-4 +1
y-64 +7 y-142 +11 y-111 +8 b-40 +4
y-8 +2 y-30 +4 y-126 +10 b-7 +1
y139-NH3 +11 y-33 +4 y-126 +9 b-70 +6
b147-H2O +11 y-38 +5 y-126 +10 b-8 +2
y-38 +4 y-130 +10 b-9 +1
y-64 +7 y-134 +10 y-106 +7
y-79 +7 y-135 +10 y-109 +9
y139-NH3 +11 y-139 +11 y-110 +10
y126-H2O +10 y-139 +10 y-110 +8
b147-NH3 +11y-139 +9 y-111 +9
y-141 +11 y-111 +8
y-142 +11 y-123 +9
y-147 +11 y-126 +10
y-30 +4 y-126 +9
y-30 +2 y-126 +8
y-33 +4 y-130 +10
y-38 +5 y-134 +10
y-4 +1 y-135 +10
y-64 +7 y-139 +11
y30-H2O +4 y-141 +11
b23-H2O +2 y-148 +12
y139-H2O +11y-17 +2
y142-NH3 +11y-20 +2
y139-NH3 +10y-30 +4
y126-H2O +9 y-30 +3
y139-H2O +9 y-30 +2
y-33 +4
y-33 +3
y-36 +4
y-37 +4
y-38 +5
y-38 +4
y-64 +7
y-64 +6
y-8 +2
y-83 +7  
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0W 8W 9W 10W 11W 12W 14W 16W
b147-H2O +11
b15-NH3 +2
b19-H2O +2
b23-H2O +2
b36-H2O +3
b37-NH3 +4
b38-H2O +3
b70-H2O +6
y110-H2O +8
y110-NH3 +9
y111-H2O +9
y126-H2O +10
y126-H2O +9
y135-H2O +10
y139-NH3 +11
y30-H2O +4
y31-H2O +2
y33-NH3 +3
y38-H2O +4
y38-NH3 +5
y64-H2O +7  
 
Table 3.5:  Fragments for the +13 charge state at varying laser powers (Watts). 
0W 8W 12W 14W
b-23 +2 b-10 +1 b-10 +1 b-10 +1
b-4 +1 b-23 +2 b-111 +9 b-111 +9
b-8 +2 b-8 +2 b-12 +2 b-12 +2
y-4 +1 y-4 +1 b-15 +2 b-23 +2
y-8 +2 y-6 +1 b-19 +2 b-37 +4
y-7 +2 b-23 +2 b-38 +4
y-8 +2 b-35 +4 b-40 +4
b-37 +4 b-8 +2
b-38 +4 y-30 +4
b-39 +4 y-38 +5
b-40 +4 y-8 +2
b-7 +1
b-70 +6
y-30 +4
y-33 +4
y-38 +5
y-5 +2
y-6 +1
b37-NH3 +4  
 72
Table 3.6:  Fragments for the +14 charge state at varying laser powers (Watts). 
0W 12W 14W 16W 18W 20W
b-27 +5 b-111 +10 b-111 +10 b-12 +2 b-10 +1 b-10 +1
y-24 +7 b-12 +2 b-12 +2 b-14 +2 b-111 +9 b-111 +10
b-23 +2 b-23 +2 b-23 +2 b-12 +2 b-12 +2
b-38 +4 b-35 +4 b-35 +4 b-14 +2 b-14 +2
b-8 +2 b-37 +4 b-36 +4 b-23 +2 b-23 +2
y-30 +4 b-38 +4 b-37 +4 b-35 +4 b-35 +4
y-38 +5 b-39 +5 b-38 +4 b-36 +4 b-36 +4
b-39 +4 b-39 +4 b-37 +4 b-38 +4
b-40 +4 b-40 +4 b-38 +4 b-39 +5
b-6 +3 y-110 +10 b-39 +4 b-39 +4
y-111 +10 y-30 +4 b-40 +4 b-4 +1
y-30 +4 y-38 +5 b-6 +2 b-40 +4
y-38 +5 y-4 +1 b-7 +1 b-7 +1
y-6 +3 y-64 +7 b-8 +1 b-8 +1
y38-H2O +5 b-85 +7 b-85 +7
b38-H2O +4 y-109 +10 y-30 +4
y-110 +10 y-33 +4
y-111 +10 y-38 +5
y-142 +13 y30-H2O +4
y-25 +6 y38-H2O +5
y-27 +7 b38-H2O +4
y-30 +4
y-33 +4
y-38 +5
y-6 +3
y30-H2O +4
y38-H2O +5
b36-NH3 +4  
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Table 3.7:  Fragments for the +15 charge state at varying laser powers (Watts). 
0W 4W 6W 7W 8W 10W 12W 16W
b-8 +4 b-126 +13 b-126 +13 b-111 +10 b-10 +2 b-12 +2 b-10 +2 b-10 +2
y-4 +1 b-30 +11 b-12 +2 b-12 +2 b-23 +3 b-111 +10 b-10 +1
y-6 +3 b-31 +6 b-25 +4 b-27 +5 b-23 +2 b-12 +2 b-111 +10
y-107 +11 b-39 +5 b-4 +1 b-35 +4 b-14 +2 b-12 +2
y-6 +3 y-107 +11 b-6 +3 b-36 +4 b-15 +2 b-12 +1
b126-NH3 +13 y-30 +4 y-132 +13 b-38 +4 b-17 +2 b-14 +2
y-27 +8 b-8 +1 b-19 +3 b-15 +2
y-30 +4 y-107 +11 b-23 +3 b-19 +3
y-38 +5 y-141 +14 b-23 +2 b-19 +2
y-79 +8 y-30 +4 b-31 +4 b-22 +3
y-8 +2 y-38 +5 b-35 +4 b-23 +3
y-64 +7 b-36 +3 b-23 +2
y-7 +3 b-37 +4 b-27 +5
y-79 +8 b-38 +4 b-28 +7
b-39 +4 b-31 +3
b-7 +1 b-35 +4
b-8 +2 b-36 +4
b-8 +1 b-36 +3
b-85 +8 b-37 +4
y-11 +2 b-38 +4
y-111 +10 b-39 +4
y-114 +11 b-40 +4
y-117 +11 b-6 +1
y-141 +14 b-7 +1
y-2 +1 b-8 +4
y-20 +3 b-8 +1
y-30 +4 b - 9
y-33 +4 y-111 +10
y-38 +5 y-13 +2
y-5 +2 y-2 +1
y-64 +7 y-20 +3
y-67 +7 y-20 +2
y-70 +7 y-30 +4
y-79 +8 y-33 +4
y30-H2O +4 y-36 +4
b15-H2O +2 y-38 +5
y117-H2O +11 y-4 +1
y-6 +1
y-64 +7
y-7 +1
y-70 +7
y-72 +6
y-8 +3
y-8 +2
y33-H2O +4
b8-NH3 +1
b36-H2O +4
y64-H2O +7
y70-H2O +7
b111-H2O +10
y111-NH3 +10
b23-H2O +2
b36-NH3 +3  
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Table 3.8:  Fragments from the +16 charge state at varying laser power (Watts). 
0W 4W 8W 10W 12W 20W
b-23 +2 b-23 +2 b-23 +2 b-134 +13 b-10 +2 b-10 +2
y-5 +2 b-4 +1 b-6 +2 b-14 +2 b-10 +1 b-10 +1
y-7 +3 y-137 +14 b-19 +3 b-12 +2 b-12 +2
b-8 +2 y-38 +5 b-23 +2 b-14 +2 b-14 +2
y-4 +1 y-4 +1 b-38 +4 b-17 +2 b-17 +2
y-8 +2 b-4 +1 b-19 +3 b-19 +3
b-85 +9 b-23 +3 b-23 +3
b-85 +8 b-23 +2 b-23 +2
y-130 +13 b-36 +4 b-36 +4
y-15 +3 b-38 +4 b-38 +4
y-30 +4 b-39 +4 b-39 +4
y-38 +5 b-40 +4 b-40 +4
y-4 +1 b-43 +4 b-43 +4
y-5 +2 b-6 +1 b-6 +1
y-64 +7 b-7 +1 b-7 +1
y-7 +3 b-8 +1 b-8 +1
y-8 +4 b-9 +1 b-9 +1
y-125 +8 y-125 +8
y-16 +2 y-16 +2
y-2 +1 y-2 +1
y-30 +4 y-30 +4
y-33 +4 y-33 +4
y-38 +5 y-38 +5
y-4 +1 y-4 +1
y-64 +7 y-64 +7
y-7 +3 y-7 +3
y-7 +1 y-7 +1
y-8 +4 y-8 +4
b23-H2O +3 b6-H2O +1
y38-H2O +5 b23-H2O +3
b36-H2O +4 y38-H2O +5
b43-NH3 +4 b8-H2O +1
b36-H2O +4
b38-H2O +4
b43-NH3 +4  
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Table 3.9:  Fragments of the +17 charge state at varying laser powers (Watts). 
0W 2W 4W 5W 6W 8W 12W
b-4 +1 y-5 +2 b-15 +6 b-4 +1 b-11 +3 b-23 +2
y-4 +1 y-4 +1 b-39 +6
y-30 +4
y-38 +5  
Table 3.10:  Fragments of the +18 charge state at varying laser powers (Watts). 
0W 3W 4W 6W 8W 9W 12W 14W 16W 20W
y-38 +5 b-39 +6 b-39 +5 b-111 +12 b-30 +5 b-147 +17 b-111 +13 b-10 +2 b-10 +2 b-10 +2
b-39 +5 b-4 +1 b-35 +5 b-39 +5 b-36 +5 b-12 +2 b-111 +13 b-12 +2 b-12 +2
b-7 +3 y-15 +3 b-36 +5 b-8 +2 b-36 +4 b-35 +5 b-119 +13 b-19 +3 b-14 +2
b-8 +2 y-2 +1 b-36 +4 y-15 +3 y-2 +1 b-36 +4 b-12 +2 b-23 +4 b-19 +3
y-2 +1 y-38 +6 y-113 +13 y-2 +1 y-30 +5 b-38 +5 b-19 +3 b-28 +4 b-23 +4
y-38 +6 y-15 +3 y-38 +6 y-38 +6 y-15 +3 b-28 +4 b-29 +4 b-23 +3
y-8 +2 y-2 +1 y-5 +2 y-38 +5 y-2 +1 b-29 +4 b-30 +4 b-23 +2
y-30 +5 y-8 +2 y-30 +5 b-30 +4 b-35 +5 b-28 +4
y-38 +6 y-30 +4 b-35 +5 b-35 +4 b-29 +5
y-38 +5 y-38 +6 b-36 +5 b-36 +5 b-29 +4
y-38 +5 b-36 +4 b-36 +4 b-30 +5
b-38 +5 b-37 +4 b-30 +4
b-7 +1 b-38 +5 b-31 +4
y-11 +2 b-38 +4 b-31 +3
y-113 +13 b-40 +5 b-35 +5
y-15 +3 b-7 +1 b-36 +5
y-2 +1 b-8 +1 b-36 +4
y-20 +3 b-85 +9 b-37 +4
y-30 +5 y-15 +3 b-38 +5
y-30 +4 y-2 +1 b-38 +4
y-37 +5 y-20 +3 b-39 +4
y-38 +6 y-30 +5 b-40 +4
y-38 +5 y-30 +4 b-6 +1
y-4 +1 y-37 +5 b-7 +1
y-95 +12 y-38 +6 b-8 +1
y38-H2O +6 y-38 +5 b-9 +1
y38-H2O +5 y-64 +8 y-11 +2
b111-H2O +13 y-8 +2 y-15 +3
y113-H2O +13 y38-H2O +6 y-2 +1
y38-H2O +5 y-20 +3
y64-H2O +8 y-30 +5
y-30 +4
y-37 +5
y-38 +6
y-38 +5
y-4 +1
y-72 +7
y-8 +2
b12-H2O +2
y38-H2O +6
b29-H2O +4
y30-H2O +4
b23-H2O +3
y38-H2O +5
b31-H2O +4
b8-H2O +1  
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Table 3.11:  Fragments of the +19 charge state at varying laser powers (Watts). 
0W 2W 4W 6W 8W 10W 12W 16W 20W
b-11 +3 y-15 +3 b-11 +3 b-7 +1 b-39 +6 b-111 +13 b-111 +13 b-15 +3 b-12 +2
b-39 +6 y-38 +6 b-6 +2 y-4 +1 b-6 +2 b-8 +2 b-29 +4 b-19 +3 b-19 +3
y-11 +3 y-38 +5 y-15 +3 y-41 +8 y-15 +3 y-38 +6 b-36 +4 b-23 +4 b-23 +3
y-4 +1 y-7 +3 y-5 +2 y-38 +6 y-4 +1 y-15 +3 b-23 +3 b-23 +2
y-5 +1 y-4 +1 y-5 +2 y-30 +5 b-28 +4 b-29 +4
y-8 +2 y-38 +6 b-29 +4 b-30 +4
y-38 +5 b-30 +4 b-36 +4
y-5 +1 b-34 +4 b-7 +1
y-95 +12 b-36 +4 y-15 +3
b111-H2O +13 b-37 +4 y-2 +1
b-38 +5 y-20 +3
y-15 +3 y-30 +5
y-2 +1 y-30 +4
y-20 +3 y-38 +6
y-30 +5 y-38 +5
y-30 +4 y-4 +1
y-37 +6 y-8 +2
y-38 +6 y38-H2O +6
y-38 +5 b36-H2O +4
y-4 +1
y-71 +7
y38-H2O +6
y38-H2O +5  
Table 3.12:  Fragments of +20 charge state at varying laser powers (Watts). 
0W 1W 2W 3W 4W 5W
b-10 +1 b-10 +1 b-15 +1 b-10 +1 b-10 +1 b-10 +1
b-15 +1 b-111 +8 b-23 +2 b-111 +8 b-15 +1 b-147 +19
b-23 +2 b-37 +5 b-37 +5 b-15 +1 b-37 +5 b-15 +1
b-39 +6 b-39 +5 b-6 +2 b-20 +2 b-39 +5 b-19 +2
b-39 +5 b-4 +1 b-7 +1 b-23 +2 b-7 +1 b-23 +2
y-30 +4 b-7 +1 b-8 +1 b-37 +5 b-8 +1 b-37 +5
y-38 +6 b-8 +1 y-11 +2 b-7 +1 b-9 +4 b-39 +6
y-6 +2 b-9 +1 y-110 +8 b-8 +1 y-125 +8 b-39 +5
b23-H2O +2 y-125 +8 y-30 +4 y-125 +8 y-126 +8 b-4 +1
y-30 +4 y-38 +5 y-30 +4 y-30 +4 b-7 +1
y-38 +5 y-4 +1 y-38 +6 y-38 +6 b-8 +1
y-6 +2 y-71 +5 y-38 +5 y-6 +2 y-109 +7
y-8 +2 y-8 +2 y-4 +1 y-8 +2 y-126 +8
b8-H2O +1 y8-NH3 +1 y-6 +2 b8-H2O +1 y-30 +4
b8-H2O +1 y-71 +5 b15-H2O +1 y-38 +6
b23-NH3 +2 y-8 +2 y-38 +5
b23-H2O +2 b8-H2O +1 y-45 +12
b15-H2O +1 b23-NH3 +2
b15-H2O +1  
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Table 3.13:  Fragment of +21 charge state at varying laser power (Watts). 
0W 2W 3W 4W 5W 6W 7W 8W 12W
b-12 +2 b-10 +1 b-10 +1 b-23 +2 b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +2
b-23 +2 b-111 +15 b-111 +14 b-28 +4 b-23 +2 b-23 +2 b-111 +14 b-111 +14 b-10 +1
b-29 +5 b-111 +10 b-23 +2 b-29 +5 b-28 +4 b-29 +5 b-111 +11 b-119 +15 b-111 +15
b-29 +4 b-23 +2 b-28 +4 b-29 +4 b-29 +5 b-29 +4 b-147 +20 b-23 +2 b-111 +14
b-30 +5 b-29 +6 b-29 +6 b-30 +5 b-30 +5 b-30 +5 b-23 +3 b-28 +5 b-111 +11
b-36 +5 b-29 +5 b-29 +5 b-36 +5 b-35 +4 b-36 +9 b-23 +2 b-28 +4 b-15 +3
b-37 +6 b-29 +4 b-29 +4 b-37 +4 b-36 +4 b-36 +5 b-28 +5 b-29 +5 b-23 +4
b-37 +7 b-30 +5 b-30 +5 b-38 +4 b-38 +4 b-36 +4 b-28 +4 b-29 +4 b-23 +3
b-38 +4 b-36 +5 b-36 +5 b-39 +5 b-39 +5 b-37 +6 b-29 +5 b-30 +5 b-23 +2
b-39 +7 b-36 +4 b-36 +4 b-39 +4 y-120 +16 b-37 +4 b-29 +4 b-34 +5 b-27 +4
b-39 +5 b-37 +6 b-37 +6 b-8 +2 y-15 +3 b-38 +4 b-30 +5 b-34 +4 b-28 +5
b-39 +4 b-38 +4 b-38 +4 y-15 +3 y-2 +1 b-39 +7 b-34 +4 b-36 +5 b-28 +4
b-8 +2 b-39 +4 b-39 +7 y-2 +1 y-30 +5 b-39 +5 b-35 +4 b-36 +4 b-29 +5
b-8 +1 b-7 +1 b-39 +5 y-30 +4 y-30 +4 b-39 +4 b-36 +5 b-37 +6 b-29 +4
y-110 +15 b-70  +6 b-39 +4 y-38 +6 y-38 +6 b-4 +1 b-36 +4 b-39 +7 b-30 +5
y-15 +3 y-112 +15 b-8 +2 b36-H2O +4 b-8 +2 b-37 +6 b-39 +5 b-30 +4
y-2 +1 y-15 +3 y-109 +15 y-110 +15 b-38 +4 b-4 +1 b-34 +4
y-30 +5 y-2 +1 y-112 +15 y-113 +15 b-39 +7 b-40 +4 b-35 +4
y-30 +4 y-30 +4 y-15 +3 y-119 +16 b-39 +5 b-8 +2 b-36 +5
y-38 +6 y-38 +6 y-2 +1 y-120 +16 b-39 +4 y-109 +15 b-36 +4
y-64 +7 y-38 +5 y-30 +5 y-15 +3 y-110 +15 y-110 +15 b-36 +3
y-72 +7 y-38 +6 y-2 +1 y-111 +15 y-113 +16 b-37 +4
y-72 +6 y-4 +1 y-30 +5 y-113 +16 y-113 +15 b-38 +5
y-8 +2 y-64 +7 y-38 +6 y-113 +15 y-119 +16 b-38 +4
b39-NH3 +5 y-8 +2 y-8 +2 y-119 +16 y-120 +16 b-39 +7
y111-H2O +20 y-139 +11 y-121 +16 b-39 +4
y-15 +3 y-15 +3 b-40 +4
y-2 +1 y-2 +1 b-8 +2
y-30 +5 y-30 +5 b-8 +1
y-38 +7 y-38 +6 b-80 +10
y-38 +6 y-4 +1 y-15 +3
y-64 +7 y110-NH3 +19 y-2 +1
y-8 +2 y120-H2O +16 y-20 +4
y111-H2O +15 y113-H2O +15 y-20 +3
b36-H2O +4 y-30 +6
y-30 +5
y-30 +4
y-38 +7
y-38 +6
y-38 +5
y-6 +3
y-8 +2
y30-H2O +6
b29-H2O +5
y38-H2O +6
b36-NH3 +5
b111-NH3 +14 
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Table 3.14:  Fragments of +22 charge state for varying laser powers (Watts). 
0W 2W 3W 4W 5W 6W 7W 8W
b-29 +6 b-23 +2 b-28 +5 b-28 +5 b-28 +5 b-28 +5 b-28 +5 b-11 +3
b-39 +6 b-29 +6 b-29 +6 b-29 +6 b-29 +6 b-29 +6 b-29 +6 b-28 +5
y-6 +2 b-29 +5 b-29 +5 b-29 +5 b-29 +5 b-29 +5 b-29 +5 b-29 +6
y-6 +1 y-2 +1 b-6 +2 b-8 +2 b-6 +1 b-39 +6 b-30 +5 b-29 +5
y-38 +6 y-6 +1 y-4 +1 b-6 +2 b-36 +6 b-30 +5
y-38 +5 y-7 +2 y-8 +2 y-120 +16 b-36 +4 b-34 +5
y-4 +1 y-38 +6 y-110 +16 b-36 +6
y-5 +2 y-6 +1 y-112 +15 b-36 +5
y-6  +1 y-7 +1 y-113 +16 b-39 +7
y-8 +2 y-119 +17 b-39 +5
y-38 +5 y-110 +16
y-4 +1 y-113 +16
y-7 +3 y-120 +16
y-8 +2 y-38 +6
y112-H2O +15 y-6 +1
y-8 +2  
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Table 3.15:  Fragments of +23 charge state at varying laser powers (Watts). 
0W 3W 4W 5W 6W 7W 8W
b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +1 b-10 +1
b-111 +10 b-12 +2 b-23 +3 b-111 +16 b-12 +2 b-111 +16 b-111 +16
b-23 +2 b-23 +2 b-23 +2 b-23 +3 b-15 +3 b-12 +2 b-12 +2
b-29 +6 b-28 +5 b-29 +6 b-23 +2 b-23 +3 b-23 +3 b-23 +2
b-29 +5 b-28 +4 b-29 +5 b-28 +4 b-23 +2 b-23 +2 b-27 +5
b-36 +5 b-29 +6 b-36 +5 b-29 +6 b-28 +5 b-28 +5 b-28 +5
b-36 +4 b-29 +5 b-36 +4 b-29 +5 b-28 +4 b-28 +4 b-28 +4
b-38 +4 b-29 +4 b-37 +7 b-29 +4 b-29 +6 b-29 +6 b-29 +6
b-39 +7 b-30 +5 b-38 +4 b-30 +5 b-29 +5 b-29 +5 b-29 +5
b-39 +4 b-30 +4 b-39 +7 b-30 +4 b-29 +4 b-29 +4 b-29 +4
b-40 +4 b-36 +4 b-39 +6 b-35 +4 b-30 +6 b-30 +6 b-30 +5
b-7 +1 b-36 +3 b-39 +4 b-36 +6 b-30 +5 b-30 +5 b-30 +4
y-11 +2 b-37 +7 b-7 +1 b-36 +5 b-30 +4 b-30 +4 b-31 +5
y-120 +17 b-38 +4 y-120 +17 b-36 +4 b-31 +4 b-31 +5 b-34 +4
y-15 +3 b-39 +7 y-15 +3 b-36 +3 b-36 +6 b-34 +8 b-35 +5
y-18 +2 b-39 +5 y-2 +1 b-37 +7 b-36 +5 b-34 +5 b-36 +5
y-2 +1 b-39 +4 y-30 +4 b-37 +4 b-36 +4 b-34 +4 b-36 +4
y-30 +4 b-40 +4 y-38 +5 b-38 +4 b-37 +7 b-35 +5 b-37 +4
y-38 +5 b-7 +1 y-75 +7 b-39 +7 b-37 +6 b-36 +7 b-38 +4
b-8 +2 b-39 +4 b-37 +4 b-36 +6 b-39 +6
y-120 +17 b-40 +4 b-38 +4 b-36 +5 b-39 +5
y-15 +3 b-6 +1 b-39 +7 b-36 +4 b-39 +4
y-2 +1 b-7 +1 b-39 +6 b-37 +7 b-7 +1
y-30 +5 y-109 +16 b-39 +5 b-37 +6 y-109 +16
y-30 +4 y-120 +18 b-39 +4 b-37 +4 y-113 +18
y-5 +2 y-120 +17 b-40 +7 b-38 +4 y-113 +16
y-75 +7 y-15 +3 b-40 +4 b-39 +7 y-119 +18
y-2 +1 b-6 +2 b-39 +5 y-120 +18
y-30 +5 b-7 +2 b-39 +4 y-120 +17
y-30 +4 b-7 +1 b-7 +1 y-15 +3
y-38 +7 y-109 +16 b-8 +2 y-2 +1
y-38 +5 y-110 +16 y-111 +17 y-30 +6
y-5 +1 y-111 +11 y-112 +16 y-30 +5
y-75 +7 y-112 +16 y-113 +17 y-30 +4
y-113 +17 y-113 +16 y-31 +6
y-113 +16 y-119 +18 y-38 +8
y-120 +18 y-120 +18 y-38 +7
y-120 +17 y-120 +17 y-5 +1
y-15 +3 y-142 +17 y-6 +1
y-15 +2 y-15 +3 b28-NH3 +5
y-2 +1 y-30 +5 b30-NH3 +5
y-30 +4 y-30 +4 y119-H2O +18
y-38 +8 y-38 +8 y120-NH3 +18
y-38 +5 y-38 +6 y120-NH3 +17
y-64 +7 y-64 +7
y-8 +2 y120-H2O +18
b111-H2O +16
b36-H2O +4  
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Table 3.16:  Fragments of +24 charge state at varying laser powers (Watts). 
0W 2W 3W 4W 5W 6W 8W
b-29 +6 b-28 +5 b-29 +6 b-111 +17 b-28 +5 b-111 +17 b-111 +17
b-29 +5 b-29 +6 b-29 +5 b-28 +7 b-28 +4 b-111 +16 b-111 +18
b-5 +2 b-29 +5 b-29 +4 b-28 +4 b-29 +6 b-28 +6 b-23 +5
y-27 +7 b-30 +5 b-39 +7 b-29 +6 b-29 +5 b-28 +5 b-23 +4
y-29 +8 b-39 +7 y-10 +2 b-29 +5 b-30 +6 b-28 +4 b-25 +5
y-30 +8 b-4 +1 y-120 +18 b-30 +5 b-30 +5 b-29 +6 b-27 +5
y-6 +1 y-120 +18 y-38 +8 b-36 +6 b-35 +5 b-29 +5 b-28 +6
y-2 +1 y-8 +2 b-36 +5 b-36 +7 b-29 +4 b-28 +5
y-8 +2 b-37 +7 b-36 +6 b-30 +6 b-28 +4
b-39 +7 b-37 +7 b-30 +5 b-29 +6
y-119 +18 b-39 +7 b-30 +4 b-29 +5
y-120 +18 b-7 +3 b-31 +6 b-29 +4
y-29 +8 y-109 +17 b-35 +5 b-30 +5
y38 +8 y-110 +17 b-36 +6 b-31 +5
y-114 +17 b-36 +5 b-35 +5
y-119 +18 b-37  +7 b-36 +5
y-120 +18 b-39 +7 b-39 +6
y-2 +1 b-40 +7 b-8 +2
y-38 +8 b-7 +2 y-113 +17
y-8 +4 b-8 +2 y-15 +4
y110-H2O +17 y-112 +17 y-15 +3
y120-H2O +18 y-114 +17 y-2 +1
y-120 +18 y-30 +6
y-15 +3 y-30 +5
y-2 +1 y-38 +8
y-31 +6 y-38 +7
y-38 +8 y-47 +9
y-38 +7 y-6 +3
b8-H2O +2 b28-NH3 +5
b30-H2O +6 y38-H2O +7
b28-NH3 +5 b29-NH3 +5
b111-H2O +17 b30-NH3 +5
y112-H2O +17 b111-NH3 +17
y120-H2O +18 y113-H2O +17
y114-H2O +18 b35-NH3 +5
b111-H2O +16  
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Table 3.17:  Fragments of +25 charge state at varying laser powers (Watts). 
0W 3W 4W 5W 6W 7W 9W 11W
b-29 +6 b-28 +5 b-29 +6 b-29 +6 b-111 +17 b-111 +17 b-111 +18 b-112 +18
b-29 +5 b-29 +6 b-29 +5 b-29 +5 b-28 +5 b-28 +6 b-25 +5 b-23 +4
b-8 +2 b-29 +5 b-30 +6 b-30 +6 b-28 +4 b-28 +5 b-27 +5 b-28 +6
y-5 +2 b-36 +5 b-36 +6 b-36 +6 b-29 +6 b-28 +4 b-28 +6 b-28 +5
y-8 +2 b-39 +7 b-39 +7 b-37 +7 b-29 +5 b-29 +6 b-28 +5 b-28 +4
b-4 +1 b-4 +1 b-39 +7 b-29 +4 b-29 +5 b-28 +4 b-29 +6
y-38 +8 y-38 +8 y-38 +8 b-30 +6 b-29 +4 b-29 +6 b-29 +5
y-4 +1 y-38 +7 y-38 +7 b-30 +5 b-30 +6 b-29 +5 b-29 +4
y-4 +1 y-47 +9 b-34 +5 b-30 +5 b-29 +4 b-30 +5
y-6 +2 y-47 +8 b-35 +5 b-34 +6 b-30 +5 b-30 +4
y-8 +2 y-50 +9 b-36 +7 b-34 +5 b-35 +5 b-31 +5
b-36 +6 b-35 +5 b-36 +6 b-35 +5
b-36 +5 b-36 +6 b-36 +5 b-36 +5
b-37 +7 b-36 +5 b-8 +2 b-8 +2
b-39 +7 b-37 +7 y-110 +17 y-110 +18
y-110 +18 b-8 +2 y-15 +4 y-110 +17
y-112 +18 y-110 +18 y-30 +6 y-15 +4
y-38 +8 y-38 +8 y-38 +8 y-15 +3
y-38 +7 y-38 +7 y-38 +7 y-2 +1
y-4 +1 y-4 +1 y-4 +1 y-30 +6
y-47 +9 y-5 +2 y-47 +9 y-38 +8
y-8 +2 b28-NH3 +5 y-47 +8 y-38 +7
y112-H2O +18 b36-NH3 +6 y-5 +2 y-47 +9
b111-NH3 +17 y110-NH3 +18 y-50 +9 y-47 +8
b111-H2O +17 b29-H2O +6 y-5 +2
y38-H2O +8 y-7 +3
b28-NH3 +5 b29-H2O +6
b111-H2O +18 b28-NH3 +5
y110-H2O +17 y38-H2O +7
b35-NH3 +5 b29-NH3 +5
y110-H2O +17
b35-NH3 +5  
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Table 3.18:  Fragments generated by SORI dissociation of +20 charge state.  
(Excitation at ± 1000 Hz) 
Blank 0.5 V 1.0 V 1.5 V 2.0 V 2.5 V 3.0 V
b36 +4 b111 +14 b111 +14 b147 +19 b111 +14 b111 +14 b110 +14
y38 +6 b147 +19 b147 +19 b36 +4 b36 +4 b12 +2 b111 +14
b36 +4 b36 +4 b36 +5 b8 +2 b147 +19 b147 +19
y38 +6 b4 +1 b6 +2 y 111 +7 b23 +4 b36 +4
y111 +7 b8 +2 y111 +7 y126 +8 b36 +5 b39 +6
y126 +7 y112 +7 y126 +8 y38 +6 b36 +4 b40 +6
y126 +8 y38 +6 y7 +3 b6 +2 y126 +8
y139 +8 y4 +1 y126 +8 y126 +7
y38 +6 y5 +2 y13 +2 y13 +2
y6 +2 y6 +2 y15 +3 y139 +8
y5 +2 y30 +5 y38 +6
y7+3 y31 +6 y7 +3
y38 +6
y4 +1  
 
 
Table 3.19:  Fragments generated by SORI dissociation of +21 charge state.  
(Excitation at ± 1000 Hz) 
Blank 0.5 V 1.0 V
b28 +4 b29 +5
b29 +4 b30 +5
b7 +1 b36 +4
b8 +2 b37 +6
y107 +16 b4 +1
y120 +16 b7 +1
y2 +1 b8 +1
y38 +6 y30 +5
y4 +1 y38 +5
y6 +2 y4 +1
y7 +3  
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Table 3.20:  Fragments generated by SORI dissociation of +22 charge state.  
(Excitation at ± 1000 Hz) 
Blank 0.5 V 1.0 V 1.5 V
b29 +5 b28 +4 b28 +4
y14 +2 b29 +5 b29 +5
y4 +1 b39 +7 b34 +4
b39 +6 b39 +6
b8 +2 b4 +1
y111 +15 y110 +15
y111-H2O +15 y111 +15
y113 +14 y111-H2O +15
y120 +17 y113 +16
y120-H2O +17 y120 +16
y38 +6 y120-NH3 +16
y38 +6
y8 +2  
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CHAPTER 4: COMPLEMENTARY PAIR ANALYSIS TO ASSIGN 
CHARGE LOCATION IN L9 
4.1 INTRODUCTION AND BACKGROUND 
This chapter will show the successful application of complementary pair and 
fragmentation analysis of fragments to assign the location of charge in 
electrosprayed Ribosomal Protein L9.  Low energy dissociation techniques were 
used to dissociate each of the isolated charge states of L9 and the resulting 
fragments used for charge location assignments.  In addition to the identified 
fragments, gas-phase basicities of the basic residues and Coulombic interactions 
were also considered when assigning the location of the charge. 
Considerable efforts have been devoted to elucidating the mechanisms for 
ion formation and the factors that affect it.[1-6]  The charge distribution is 
determined by the state of the ions after desolvation, therefore many experiments 
are performed on the ions in this stage, including ion/molecule reactions and 
dissociation experiments.  It is important to understand where the charge resides in a 
gas-phase protein because it is a fundamental determinant of the behavior of the 
protein in the gas-phase; charge location can affect the tertiary structure, the 
chemical behavior, and fragmentation mechanism of the analyte.  Understanding 
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these trends may enable the predictions about fragmentation and the development of 
new applications for the analysis of more complex protein systems and reactions. 
Thus far, gas-phase basicity measurements and calculations have been the 
primary methods for determining the sites of protonation in multiply charged 
biomolecules.  It has been shown that the protonation or cationization of the basic 
residues (Arg, Lys, His, and NH2-terminus) result in the formation of positive ions, 
while deprotonation of acidic residues (Asp, Glu, Tyr, COOH-terminus) cause 
negative ions to be formed.[2,3,7]  Kinetic methods and equilibrium bracketing have 
established values for gas-phase basicities for each of the α-amino acids and are 
reviewed elsewhere.[8-10]  These studies show arginine as the most favorable site 
for protonation since its gas-phase basicity values are approximately 13 kcal mol-1 
higher than the next most basic residues (Lys, His).[9] 
The published gas-phase basicity values of the amino acids are mainly 
derived from experiments involving isolated amino acids or singly charged model 
peptides.  When considering a specific site in a multiply charged ion, the effects of 
electrostatic repulsions, intramolecular interactions, steric distances and angles, 
chirality of the protonation sites, and the overall conformation of the ion must all be 
accounted for.  The existence of multiple conformations of an individual charge 
state can further complicate these measurements.  Multiple conformations of single 
charge states have been demonstrated for both cytochrome c and ubiquitin by H/D 
exchange, electron capture dissociation, and ion mobility studies.[11-16]  The 
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contributions of these factors make it very complicated to perform calculations and 
can significantly obscure measurements with reference bases.  Improvements in the 
methodology of gas-phase basicity measurements have generated better 
approximations to the true values.[17-23] 
It is generally accepted that both the number and location of basic sites play 
an important role in the dissociation of proteins.  Both high and low energy 
dissociation studies have been conducted to investigate fragmentation pathways in 
multiply charged peptides.[22,24-32]  There is presently no single, accepted 
mechanism that can be generally applied to bond cleavage by low energy 
dissociation of intact biomolecules.  One theory suggests that the ionization process 
results in a population of peptide ions with different protonation sites which are then 
fixed after the ionization, and there is no interaction between the charge and the 
reaction site.[33]  The other theory, the mobile proton model, suggests that rapid 
intramolecular shuffling occurs prior to the dissociation event so charge can be 
transferred to the cleavage site.[25] 
This work is a systematic investigation of the location of charge in 
individual charge states of an electrosprayed protein using low energy dissociation.  
Dissociation spectra were obtained for the +10 through +25 charge states of 
ribosomal protein L9 using a Fourier transform ion cyclotron resonance (FTICR) 
mass spectrometer.  When coupled with ESI, FTICR offers considerable advantages 
over other types of mass spectrometers.  The non-destructive nature of the ion cell is 
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directly related to these benefits.  Energy to fragment intact ions can be imparted 
because the ion population can be held in the cell for extended periods of time.  In a 
typical FTICR experiment, dissociation is initiated after the isolation and cooling of 
a particular charge state, and the ejection of possible interferences like other charge 
states, adducted species, or sample contaminants.  Moreover, the ultra-high 
resolution capability available with FTICR enables the indisputable assignment of 
charge and mass, which is essential to the accurate identification of the products of 
fragmentation. 
 
4.2 EXPERIMENTAL 
The experimental procedure outlined in Chapter 3 was used to collect the 
data shown in this chapter. 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Dissociation of L9 by IRMPD 
Assigning the location of charge in this protein was possible because of the 
assumption that the proton does not undergo scrambling between the time it is 
ionized and dissociated.  Downard suggests that despite the potential for charge 
migration during the dissociation event, the data showed that charge-bearing protons 
 90
were reasonably localized when dissociation occurred.[31]  Work by Stevenson and 
others supports this concept and make this a reasonable postulation to be carried 
forth in this work.[25,34,35] 
In order to assign the location of the added protons in each of the charge 
states, complementary fragment pairs were used.  Similar to how tandem mass 
spectrometry is used to determine the primary sequence of proteins, product 
fragments are used to determine the sites of protonation and sequence of charge 
addition to each charge state.  Complementary pairs are defined as the y and b 
fragments that result from the cleavage of the same peptide bond and whose 
individual charges sum to give the charge of the parent ion.  These pairs are useful 
because an individual fragment identifies the number of charges on it, and suggests 
the localization of charge with the presence of its complement.  Most of the 
observable charge states produced at least one pair of complementary fragments.  
The other fragment ions that resulted from dissociation were used to provide 
additional information about the location of the charges.  It is assumed throughout 
the assignment of charge process that since arginine is the most basic amino acid, 
the four arginine residues present in the protein will always be protonated before the 
remaining lysines and histidines acquire additional protons. 
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4.3.2 Charge Location Assignments 
4.3.2.1 +10 Charge State 
For the +10 charge state, the complementary pair of b23+2 and y126+8 is 
observed.  The b23+2 fragment shows that there are two protons located in the first 
twenty-three residues of the N-terminus.  It is unlikely that the N-terminal 
methionine is protonated since its has the lowest gas-phase basicity of the potential 
chargeable sites, with a value of 213.0 kcal/mol.[36]  None of the four arginines are 
located in the N-terminal domain; they are at positions 56, 88, 113, and 122.  
Therefore, neither of the two charges indicated by the b23+2 fragment can be 
attributed to arginines.  The y126+8 fragment shows that other 8 additional protons 
reside on the remaining C-terminal section of the protein.  Since the 4 arginines are 
located therein, there are only 4 remaining protons to be assigned within that 
fragment.  The y148+10 confirms that the N-terminal methionine is not protonated.  
The b4+1 ion reinforces that Lys2 must be protonated, while the b6+1, b7+1, and b9+1 
confirm that the Lys7 is not.  The protonation of Lys10 is confirmed by the presence 
of the y138+9 ion.  The fact that y138+9 is also present in the spectrum confirms that 
the lysines located at positions twelve, fourteen, and fifteen.  The cleavages at 
positions Ile37 and Thr40 both with +3 charges, confirm that only three charges 
reside on the N-terminus in the +10 charge state.  Since b23 has a charge of +2 and 
b37 has a charge of +3, this indicated that a proton must be located at Lys32, the 
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only basic residue in present between the two points of cleavage.  Looking at the C-
terminal side of the protein, the y4+1 confirms that Lys149 is protonated.  The y9+2 
fragment shows that Lys142 is protonated, not His134, because of the differences 
between their gas-phase basicities.  This methodology was applied to assigning the 
location of charge for all charge states and is outlined for individually in the 
subsequent sections. 
 
4.3.2.2 +11 Charge State 
Complementary pairs were seen in this spectrum for the b10+1/y139+10 and 
b116+8/y33+3.  Since the first pair of fragments was seen in the +10 charge state, it 
can be inferred that the 11th proton has been added to a basic amino acid that 
resides on the y139 fragment since it appears in this spectrum with an additional 
charge.  Fragment b70+5 shows that the proton must have been added to the region 
N-terminal to this cleavage.  A second complementary pair was seen in this 
dissociation spectrum, b116+8/y33+3.  This pair is consistent with the location of 
protons in this charge state.  The presence of both the y139 and y134 fragments with 
+10 charge means that none of the lysines located between residues 10 and 15 have 
been protonated.  Since two charges are present N-terminal to b23+2, the remaining 
three charges must be in region between residues 23 and 70, with Lys32 and Arg56 
already known to be protonated.  No other fragments indicate which of the 
remaining basic residues could be protonated, so the Coulombic repulsion idea of 
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the charges adding to locations for maximum separation was invoked and the final 
charge was assigned to Lys67. 
 
 
 
4.3.2.3 +12 Charge State 
Three complementary pairs were detected for the +12 dissociation, 
b10+1/y139+11, b23+2/y126+10, and b119+8/y30+4.  The presence of the 
b10+1/y139+11 indicates that the 12th proton added C-terminal to the point of 
cleavage.  The b119+8/y30+4 fragment narrows down the location by showing that 
the proton must have been added to C-terminal to that point of cleavage. The 
existence of the y8+2 fragment suggests that only two protons are located on that 
fragment, so the charge must be located between residues Ala120 and Leu141.  
Arg122 is already protonated and the most basic amino acid in that region is 
Lys132, so the location of the 12th proton was assigned there. 
 
4.3.2.4 +13 Charge State 
The +13 charge state does not have any complementary pairs of fragments 
present.  The b111+9 fragment does show that the 13th proton added N-terminal to 
that point of cleavage.  The series of fragments from b35 through b40, each with a 
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charge of +4, and b70+6 eliminates the region between Thr40 and Glu70 as the 
location of the next proton. There are already two protons located in this region at 
Arg56 and Lys67.  The y33+4 fragment maintains that four charged residues are 
located C-terminal to that cleavage.  This leaves the region between Gln71 and 
Asp111.  The location that gives maximum separation of charge is Lys96, so the 
14th proton is assigned to this location. 
4.3.2.5 +14 Charge State 
One complementary pair of fragments was observed for this charge state, 
b38+4/y111+10.  The b38+4 was also present in the +13 spectrum, so the next proton 
to add to the protein must be located C-terminal to that cleavage.  The y111+10, in 
conjunction with the y38+5, narrows the location of the added proton to between 
Ala39 and Asp110.  For maximum separation of charge, the 14th proton was 
assigned to Lys45. 
 
4.3.2.6 +15 Charge State 
One complementary pair was detected for this charge state, b8+1/y141+14.  
But there are three important fragment ions that confirm the previous charge 
assignments and point to the location of the 15th charge.  The combination of the 
y79+8 and the y107+11 narrow confirms the location of three charges between Asn43 
and Glu70.  Three charges have already been assigned in this region, Lys45, Lys56, 
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and Lys66.  The y64+7 fragment along with y79+8 locates the charge as residing 
between Gln71 and Glu85.  The charge is assigned to Lys74 to accommodate 
maximum charge separation. 
 
 
 
4.3.2.7 +16 Charge State 
There were three complementary pairs present in the +16 threshold 
dissociation spectrum, b19+3/y130+13, b85+9/y64+7, and b134+13/y15+3.  Six charges 
must be located between Lys19 and Glu85 according to these complementary pairs.  
Five charges have already been assigned in that region.  This 16th charge was 
assigned to Lys82, because it allowed for the charges to experience maximum 
separation. 
 
4.3.2.8 +17 Charge State 
This charge state had an unusually low number of fragments when 
dissociated using IRMPD.  The threshold spectrum did not contain any 
complementary pairs.  Even though the number of fragments was very low, the 
b11+3 fragment indicated three charges in the first 11 residues.  The charge was 
therefore assigned to Lys7 since it is more basic that the N-terminal methionine. 
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4.3.2.9 +18 Charge State 
Three pairs of complementary fragments were observed for this charge state, 
b36+5/y113+13, b111+12/y38+6, and b119+14/y30+4.  The b111+12/y38+6 and the 
b119+14/y30+4 pair dictate that the charge must be added between Lys112 and 
Asp119.  There are two possible locations here and both are adjacent to and already 
charged Arg113.  The charge was assigned to Lys112. 
 
4.3.2.10 +19 Charge State 
Only one complementary pair was observed for the +19 charge state, 
b111+13/y38+6.  When this is compared with the complementary pair produced from 
breaking the same bond in the +18, the proton is location of the proton is determined 
to be N-terminal to the point of cleavage.  The b8+2 fragment shows that the N-
terminal methionine is protonated since the only other chargeable amino acid in this 
region is already protonated. 
 
4.3.2.11 +20 Charge State 
The +20 charge state showed a significant amount of dissociation at 0 Watts 
of laser power, though no complementary fragments were seen in this spectrum.  
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The b39+6 and y38+6 fragments indicate that eight charges must reside between 
residues Ala39 and Lys112.  This region already has seven charges assigned.  To 
maintain charge separation, the charge should add to either His106 or Lys109.  The 
location of the 20th charge can be narrowed down to these two residues, but it 
cannot be definitively determined from the fragments obtained.  Subsequent 
modeling was performed on both using both possible charge locations and those 
results are shown in Chapter 4. 
 
4.3.2.12 +21 Charge State 
This charge state also exhibited a significant amount of fragmentation when 
the laser power was completely turned off.  The resulting fragments did not yield 
any complementary fragments.  The presence of two fragments, b111+15 and 
y110+15, together show that the 21st charge adds between Thr40 and Glu111.  Two 
possible sites were flagged as potential locations for charge from the +20 charge 
state, and the fragments show that a charge was added in that same region.  So the 
location of the 21st charge was assigned to the second possible location that 
remained from the +20 charge state.  So in this charge state, both the His106 and 
Lys109 are protonated. 
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4.3.2.13 +22 Charge State 
No complementary pairs were observed in this charge state.  The only 
fragment that indicates where the charge can be assigned is b29+6, since six charges 
must be on this fragment and the threshold dissociation spectrum of the +21 
contained the b29+5 fragment.  The charge was assigned to Lys15. 
 
4.3.2.14 +23 Charge State 
One pair of complementary fragments was observed in the +23 charge state, 
b29+6/y120+17.  Since b29+6 was also present in the +22, the charge must have added 
C-terminal to the point of cleavage.  There are three fragments that point to the 
location of the 23rd charge.  The presence of the y38+7 fragment indicates that the 
additional charge must be between Lys112 and the C-terminal lysine because the 
y38+6 ion was seen in the threshold spectrum of +22.  The region from Lys112 to 
Glu119 is eliminated as a possibility since two charges have been assigned here and 
the y30+5 confirms that.  Ala120 to Val131 is also eliminated because the y15+3 
fragment confirms the two charges which have already been assigned here.  The 
only remaining amino acid that could possibly retain the charge is His144, so the 
charge was assigned to this residue. 
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4.3.2.15 +24 Charge State 
One complementary fragment pair was detected for the +24 charge state, 
b23+6/y120+18.  This pair was also seen in the +23 charge state but the charge of the 
y fragment was reduced by one.  This indicates that the charge must have added C-
terminal to the point of fragmentation.  The fragment at y38+8 shows that one 
additional fragment was added between Lys112 and the C-terminal lysine.  There 
are two potential charge locations, one at His134 and the other at Lys114.  There are 
already two charges located on adjacent residues Lys112 and Arg113 which makes 
it very unfavorable for the charge to add to L114.  As a result, the charge location 
was assigned to His134. 
 
4.3.2.16 +25 Charge State 
Two complementary pairs were seen in the threshold dissociation spectrum 
of +25, b37+9/y110+18 and b111+17/y38+8.  The two pairs isolate the addition of the 
final charge to the amino acids between Thr40 and Glu111.  No other fragments 
provided information in this region, do the final charge was assigned to allow 
maximum charge separation and was placed on Lys51.  A complete fragment map 
showing the order and location for the sequential addition of charge is shown in 
Figure 4.7. 
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Figure 4.1: Protein map showing the location and order of charge 
addition for Ribosomal Protein L9 as determined from threshold dissociation 
spectra and fragment lists. 
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4.4 CONCLUSIONS 
Complementary pair analysis and fragment analysis was successfully applied 
to Ribosomal Protein L9.  This analysis yielded both the location of and the 
sequential order in which the charges added on to the protein.  This represents the 
first time that charge locations have been definitively demonstrated for a protein of 
this size.  Charge location involves two factors, the intrinsic gas-phase basicity of 
the amino acids, and the electrostatic interactions between charges.  For example, 
the most basic amino acid, arginine strongly favors protonation, but as the charge 
increases, protonation is able to occur in regions of high charge density.  The 
determination of charge location in L9 was accomplished by using the influence of 
both of these factors. 
The sequential addition and localization of charge is strongly supported by 
the observation of similar fragments that become more highly charged for the higher 
charge states.  Even though the number of fragments generated was large, and the 
number of potential sites for charge addition was high, it was still possible to 
determine that the addition of charge was sequential and preferential.  
Complementary pair analysis had been previously applied to melittin, a small 
peptide with limited charge sites and no acidic residues.  This is the first application 
of this method to a large, high charging, multiple domain protein. 
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CHAPTER 5: MOLECULAR MODELING SIMULATIONS OF THE 
CHARGE STATES OF L9 
5.1 INTRODUCTION 
Molecular modeling was used to assist with visualizing how the structure 
changes when charge is added.  The X-ray structure was used as a starting point and 
the charge was added to locations as determined in Chapter 4.  Energy 
minimizations yielded new structures for each charge state that did not retain their 
secondary characteristics.  Correlating the torsion angles between the original and 
model structures showed local areas of high correlation that ranged from 5 to 15 
residues long. 
A chain of amino acids joined by a series of peptide bonds forms a protein 
which, in an aqueous solution, folds so as to minimize the contact of hydrophobic 
side-chains with the aqueous environment.[1]  These folds occur in response to the 
protein surroundings, and are governed by the primary sequence, disulphide bonds, 
and intramolecular interactions.  The secondary structure is determined by these 
interactions and so α-helices, β-pleated sheets, and β-turns are formed as these 
interactions impart stability to the molecule.  Most helices are amphipathic, they 
have hydrophobic side-chains along one side, and hydrophilic side-chains along the 
other, which enables one side of the helix to associate with an aqueous environment, 
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while the other side seeks to "hide" from water or other polar molecules.  The 
tertiary structure is the three-dimensional arrangement of these secondary motifs, 
and this arrangement of the tertiary structure affords stability to the protein.  In its 
cellular environment, the protein spontaneously folds into its characteristic structure 
which is directly related to its function in the cell.[2] 
The X-ray diffraction structure of ribosomal protein L9, as defined by 
Hoffman, et al., shows the protein is comprised of two terminal globular units, with 
well defined secondary structural characteristics, that are joined by a rigid α-
helix.[3]  There is excellent evidence that this unusual architecture is preserved in 
solution.[4,5]  But when proteins are electrosprayed and enters the gas-phase, it 
becomes unclear how much of this structure is preserved because of the absence of 
the influence of solvent molecules. 
Kaltashov, et al. investigated the persistence of secondary structural 
characteristics in the gas-phase using melittin, with its stable α-helix, and 
dynorphin, a weak β former.[6]  They found the secondary structure in melittin to be 
preserved, but dynorphin did not exhibit any preferred conformation in the gas 
phase.  Investigations of tertiary structure in the gas-phase have utilized the non-
Gaussian charge state distributions of the electrosprayed protein charge envelope, 
hydrogen/deuterium exchange, and ion mobility to probe the presence of and any 
changes in tertiary structure.[7-15] 
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Both secondary and tertiary structural characteristics result from the 
interaction of hydrogen bonds, electrostatic interactions, hydrophobic interactions, 
and Van der Waals interactions.  It is thought that the creation of multiple charge 
states during the electrospray process should have some effect on the three 
dimensional structure since it introduces charges to the protein that would influence 
the interactions that define the structure.  Molecular modeling was used as a 
visualization tool to observe how the protein responded to the protons added by the 
electrospray process. 
Performing modeling simulations on L9 with HyperChem presented a 
challenge because of the size of the molecule.  With a mass of 16.3 kDa, and a 
composition of 2346 atoms (without addition of protons), software capabilities of 
the HyperChem package were tested.  Due to these limitations in the performance of 
the program, the simplest calculations were utilized to characterize the structural 
changes.  The most stable conformation was taken to be that within an energy 
minimum.  The structural outputs are an approximation of the system’s global 
minimum since the potential energy surface contains several local minima that are 
more easily accessed than the true energy minimum.  Energy minimizations and 
geometry optimizations were performed using Bio+(CHARMM) and AMBER force 
fields. 
The Bio+ force field in HyperChem represents a version of the Chemistry at 
HARvard using Molecular Mechanics (CHARMM) force field.[16]  It was designed 
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primarily to explore macromolecules.  This force field option, in its original form 
and in HyperChem, does not have a hydrogen bonding term, so effects of those 
interactions are not accounted for with this method.  AMBER was developed for use 
with proteins and nucleic acids and includes the hydrogen bond term in its force 
field equation.[17]  Even though these programs are well developed and frequently 
used as parts of various modeling platforms, work continues to improve large 
system simulations, with views toward more precise energy calculations and more 
accurate conformational renderings.[18,19] 
The most reliable way to discuss the structures that are produced by the 
simulations is in terms of the torsional (dihedral) angles of the backbone atoms.  
These are the angles of rotation about a specific bond along the backbone of the 
protein.  There are three defined angles of interest, φ (phi), ψ (psi) and ω (omega).  
The atoms that form these angles are illustrated in Figure 5.1 (a).  Values of phi are 
limited primarily to the range between -60 degrees and -150 degrees.  For psi, the 
range is limited to regions centered about -60 degrees and +120 degrees.  The 
typical value of omega is +180o because the bonds are most often found in the trans 
configuration.  When cis prolines occur (in about 10% of cases), the value of omega 
is 0o.[2,20]  For a fully extended (denatured) chain, these three angles are each 
+180o.  Each torsional angle has an allowed range of values associated with the 
different forms of secondary structure, as shown in Figure 5.1 (b).  Peptides and 
proteins adopt structures typically having φ and ψ angle pairs in the allowed regions 
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of the Ramachandran plot because these are the most energetically favorable 
conformations.  The white areas in Figure 5.1 (b) correspond to conformations 
where atoms in the polypeptide come closer than the sum of their van der Waals 
radii, these regions are sterically disallowed for all amino acids except glycine, 
which is unique in that it lacks a side chain, which enables freer rotation around the 
α-carbon.[1]  The red regions correspond to conformations where there are no steric 
clashes, and are the allowed regions for the α-helical and β-sheet conformations.  
The yellow areas are show the allowed only regions if slightly shorter van der Waals 
radii are used in the calculation, and the atoms are allowed to approach more closely 
forming a left-handed α-helix, which is less stable than its right-handed counterpart.. 
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(a) 
 
 
(b) 
 
Figure 5.1:    (a)  Illustration of a protein backbone showing the torsional angles φ 
(phi), ψ (psi) and ω (omega). 
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 (b)  Diagram of Ramachandran plot showing allowed φ and ψ angle values 
and corresponding secondary structure.[21,22] 
5.2 EXPERIMENTAL 
Molecular mechanics calculations were performed using HyperChem 
version 7.5 (Hypercube, Inc., Gainesville, FL).  The X-ray crystal structure of L9 
was obtained as a PDB file from the Protein Data Bank.[23]  Each charge state was 
generated in HyperChem by adding a proton to the basic side chain of the 
appropriate residue as determined in Chapter 4.  AMBER and Bio+ (CHARMM) 
force fields were used to perform the calculations.  When the energies of each 
charge state was minimized with a convergence of 0.1 kcal/mol, the resulting 
structure was converted from a HyperChem file to the PDB format using 
gOpenMol.[24,25]  The torsion angles between adjacent amino acids were extracted 
from the PDB file using MOLMOL.[26] 
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Energy Values and Structures derived from Simulations 
HyperChem performed the energy minimizations using Bio+(CHARMM) 
and AMBER.  The energy for each of the structures calculated by the program, the 
average energy and standard deviation are shown in Table 5.1.  The AMBER 
calculations generated structures with an overall lower energy than the Bio+ 
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calculations.  Since the AMBER force field includes hydrogen bonding in the 
parameters used to perform the modeling, it was able to generate lower energy L9 
ions, only the analysis of the AMBER data is reported in this chapter. 
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Table 5.1:  Minimized energy (kcal/mol) as calculated by HyperChem for each 
charge state using Bio+(CHARMM) and AMBER. 
 
Charge State
Bio+
(CHARMM) AMBER
+10 9233.3 6395.79
+11 9248.27 6327.44
+12 9236.29 6448.81
+13 9231.96 6312.77
+14 9225.6 6348.73
+15 9248.35 6562.02
+16 9264.33 6307.95
+17 9249.46 6320.39
+18 9251.67 6507.29
+19 9286.68 6352.25
+20H106 9356.79 6580.07
+20K109 9354.93 6535.9
+21 9271.64 6304.78
+22 9287.53 6495.66
+23 9259.85 6543.96
+24 9317.04 6616.98
+25 9346.3 6373.59
Mean 9274.71 6431.43
Std. Deviation 42.51 106.71
Minimum Energy (kcal/mol)
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The structure generated by HyperChem (AMBER) for the +10 charge state 
is shown in Figure 5.2 in stereoview (To view the image in 3D, hold picture about 
six inches from your face , cross your eyes and slowly move the picture away from 
your face.  Your focus should be above the page).  The results generated from the 
other charge states are shown in the Appendix B.  When a comparison is made 
between the simulated structures and the X-ray structure, differences are evident, 
but some subtle similarities remain.  For instance residues 41 through 75 (α-helix) 
are still extended and do not show any folding or bending, which is very similar to 
original structure, where the α-helix is different from the globular domains.  The 
two terminal domains do exhibit bends and loops in the simulation, and can be 
identified as different from the original extended area of helical character. 
The characteristic secondary motifs visible in the X-ray structure were not 
preserved by the molecular modeling data.  It has been shown experimentally that 
removal of water molecules from a native protein negates hydrophobic interactions, 
and preferentially stabilizes the α-helical secondary structure with direct solvation 
of additional protons, and increases tertiary inter-helix dipole-dipole and hydrogen 
bonding.[27]  Even without confirming this stabilizing effect of water loss, the 
model structure produced still has remnants of the X-ray structure present in its 
overall shape.  Figure 5.3 sho-ws the side by side Ramachandran plots for the X-ray 
structure of L9 and the structure generated by AMBER minimization.  The plot of 
the X-ray molecule shows evidence of the three main secondary structural 
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characteristics present: α-helix, β-sheet, and loops and turns.  The torsion angles 
present for amino acids fall into the regions of the graph that are allowed, and are 
thus associated with these motifs. 
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Figure 5.2: Model of the +10 charge state of L9 as produced from 
AMBER energy minimization by HyperChem.  Model is presented in cross-
eyed stereoview. 
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The plot of data for the +10 charge state shows that most of the torsion angles place 
the amino acids in the region of the plot where turns and loops are allowed.  No 
angles were found in the regions allowed for α-helix or β-sheet.  Clearly, the model 
cannot describe the secondary structure, but the folds and turns were further 
investigated and discussed in Section 5.3.3.  When Ramachandran plots were 
created for all of the charge states, certain residues repeatedly appeared in the 
disallowed regions of the graph.  With the exception of charge state +10, each 
charge state had at least one glycine in the disallowed region of the Ramachandran 
Plot.  Table 5.2 shows the disallowed amino acid and the charge states in which 
their torsion angles are outside the allowed areas.  It is not surprising that glycines 
are predominantly featured in these disallowed regions since the absence of a side 
chain on the α-carbon allows the formation of configurations that would be 
sterically hindered if side chains were present. 
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Figure 5.3:  Ramachandran plots of L9 from (a) X-ray coordinates, and (b) 
simulated +10 charge state (AMBER). 
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Table 5.2:  List of amino acids with disallowed torsion angles as designated by their 
Ramachandran plots. 
Disallowed
Torsion +10 +11 +12 +13 +14 +15 +16 +17 +18 +19
+20
H106
+20
K109 +21 +22
+23
H144 +24 +25
Lys7 +
Lys10 +
Gly16 + +
Gly24 + + + + + + + + + + + + + + + +
Tyr25 +
Phe31 + + + + + + + + +
Gln33 +
Leu62 +
Gly86 + + + + +
Gly87 + + + + + +
Ile98 + +
Ala104 +
Leu133 +
Charge States
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5.3.2 Global and Regional Correlation of Charge States vs. X-ray 
In order to look more closely at how the angles in the original X-ray 
structure are related to the angles in the modeling data set, correlation analyses were 
carried out on the two data sets.  A series of global and regional correlations were 
performed using the different aspects of the data:  whole protein, N-terminal 
domain, α-helix, and C-terminal domain.  A further set of local correlations were 
also performed on areas from three to fifteen amino acids.  Table 5.3 shows the 
global and regional correlation values (R).  Experimental evidence by Raleigh et al, 
sited in Chapter 2, showed that the two terminal domains behave independently of 
the α-helix, thereby justifying the region separation to analyze those correlation 
values.[28-30]  The global and regional correlation analysis showed that the torsion 
angles of the structures generated by the simulations were not well correlated to 
those of the X-ray structure.  Perfect correlation would have an R value of 1.0 when 
large values of one data set are associated with large values of the comparative data 
sent.  When small values of one set are perfectly correlated with large values of the 
other data set, the correlation constant has a value of -1.0.  The case of no 
correlation exhibits a constant R of 0.  The correlation calculations performed 
regionally on the model structures show that the N-terminal domain exhibits the 
highest correlation among the three regions, while the α-helix exhibits the least. 
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Table 5.3:  Table showing the correlation values (R) for the torsion angles of the. 
the Charge States models vs. the X-ray structure. 
 
Charge
State Phi Psi Phi Psi Phi Psi Phi Psi
+10 0.2646 0.3150 0.4177 0.4972 0.1833 0.0243 0.1716 0.3418
+11 0.2203 0.2788 0.3322 0.4759 0.0122 -0.0820 0.1696 0.3047
+12 0.2243 0.3175 0.3807 0.5207 0.0740 -0.1440 0.1975 0.3801
+13 0.3123 0.2216 0.4991 0.4228 0.0454 -0.1530 0.2640 0.2501
+14 0.3466 0.1273 0.2217 0.1126 0.1095 -0.1190 0.4288 0.1686
+15 0.3091 0.3076 0.4018 0.5376 0.0520 -0.1170 0.2864 0.3762
+16 0.3194 0.1696 0.5626 0.4145 -0.0820 -0.1720 0.2089 0.3765
+17 0.2427 0.3001 0.4007 0.5079 -0.0060 -0.1180 0.1710 0.3854
+18 0.2656 0.2265 0.3997 0.5421 0.0559 0.0034 0.2168 0.1651
+19 0.3097 0.2808 0.4099 0.4648 0.1475 0.0099 0.2798 0.2834
+20H106 0.3379 0.2447 0.4860 0.2282 0.0969 -0.0920 0.2937 0.3229
+20K109 0.3496 0.2172 0.6065 0.3165 -0.1840 0.2687 0.2215 0.1970
+21 0.3349 0.1968 0.5941 0.1052 0.0744 0.3982 0.2068 0.3416
+22 0.2636 0.3209 0.3937 0.4731 0.2105 0.7047 0.1912 0.3243
+23 0.3135 0.3264 0.4050 0.4765 0.1398 0.6874 0.2891 0.4066
+24 0.2251 0.2963 0.3988 0.6019 0.1273 0.4548 0.1349 0.3395
+25 0.2710 0.2803 0.4452 0.3826 0.2366 0.5806 0.1799 0.3760
Entire Protein N-Terminal Domain C-Terminal Domain
Correlation (R) for Charge State Models vs. Xray Structure
Alpha-Helix
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5.3.3 Global and Regional Correlation of Adjacent Charge States 
Another set of correlation analyses were performed where the modeled 
charge states were compared to the other charge states instead of to the X-ray 
structure.  This was done sequentially to determine how the models predicted the 
conformation to change from one charge state to the next charge state with one more 
charge with stepwise protonation.  This was also done as a global correlation for the 
entire protein chain, and as region correlations for the N-terminal, α-helix, and C-
terminal.  These data are shown in Table 5.4. 
Overall, the correlation values calculated here with higher than those when 
comparing the charge states to the X-ray structure.  Even though there are instances 
where the correlation constants produced by the phi and psi values respond 
differently, the overall correlation values for the global, whole protein analysis is 
high.  When looking at the values regionally, they, too, are higher than those values 
produced from the X-ray comparison.  It is deduced from this data that a high 
correlation value of two adjacent charge states would indicate few differences 
between the two structures, while a low correlation constant would allude to greater 
differences. 
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Table 5.4:  Table showing the global and regional correlation (R) values derived 
from comparing a model charge state to the charge state with one additional proton. 
 
Charge
States Phi Psi Phi Psi Phi Psi Phi Psi
+10 v. +11 0.8686 0.7896 0.8106 0.8715 0.7212 0.6370 0.9650 0.8187
+11 v. +12 0.8998 0.7813 0.9319 0.7693 0.8281 0.6310 0.8764 0.8613
+12 v. +13 0.5943 0.7423 0.6844 0.8238 0.8600 0.7064 0.5460 0.7060
+13 v. +14 0.6616 0.6018 0.5581 0.5289 0.4976 0.5360 0.7161 0.7169
+14 v. +15 0.6081 0.5118 0.2975 0.4163 0.6047 0.6461 0.7554 0.5544
+15 v. +16 0.5516 0.7657 0.5330 0.8341 0.7940 0.7225 0.5381 0.7303
+16 v. +17 0.6769 0.7196 0.5214 0.6720 0.8668 0.5202 0.8016 0.8069
+17 v. +18 0.7686 0.5374 0.9598 0.6612 0.6136 0.2941 0.5851 0.5609
+18 v. +19 0.6085 0.6838 0.9868 0.8939 0.2569 0.5666 0.3549 0.6044
+19 v. +20H106 0.9160 0.6510 0.9812 0.7074 0.4164 0.6296 0.9461 0.6607
+19 v. +20K109 0.5754 0.4208 0.7670 0.4025 0.2687 0.3942 0.4798 0.4582
+20 v. +21 0.7383 0.4484 0.7046 0.4022 0.3982 0.3124 0.8514 0.6920
+21 v. +22 0.7259 0.6487 0.7405 0.4380 0.7047 0.4945 0.7139 0.8978
+22 v. +23 0.6683 0.5976 0.9873 0.8493 0.6874 0.3540 0.4323 0.6183
+23 v. +24 0.6856 0.6479 0.7938 0.8404 0.4548 0.4127 0.5146 0.6333
+24 v. +25 0.8129 0.6028 0.8754 0.6484 0.5806 0.5007 0.7789 0.6863
Correlation values (R) for Charge State Models vs Preceding Charge State
Entire Protein N-Terminal Domain Alpha-Helix C-Terminal Domain
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It is interesting to see that for the +20 charge state where the location of that 
20th proton was narrowed down to one of two sites, that the structure produced 
from the H106 site has R values for phi and psi of 0.9160 and 0.6510, respectively, 
when compared to the +19 charge state.  The structure from the protonation of the 
K109 residue showed R values of 0.5754 and 0.4208 for phi and psi, respectively.  
This is interpreted as the +20 H106 having a structure that is more similar to the +19 
charge state than the +20 K109, because its R values are higher. 
5.3.4 Local Correlation Analysis 
In order to look more closely at the correlation of the simulated charge state 
structures to the X-ray structure, a method of looking at the correlation on a local 
scale was devised.  For both the phi and psi angles, sequences of 5, 7, 9, 11, 13, and 
15 residues were correlated for each model structure versus the X-ray structure.  
When the data are reported, a single amino acid is used to denote the center of the 
sequence used for correlation.  For example, correlating Leu30, for five residues, 
looks at the sequence Asn28, Phe29, Leu30, Phe31, and Lys32 with the named 
residue at the center.  It should be noted that at the termini of the protein, the full 
series of correlations could not be performed.  The analysis starts with Val3 for 
three residues, but Val3 for 5 or more residues could not be calculated.  The 
correlation value of 0.85 was arbitrarily selected as the cutoff for high correlation.  
Typically, data sets are considered to be well correlated when the R value is greater 
than 0.95.  Since these data are generated from molecular modeling algorithms that 
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were the simplest approximation of the protein interactions experienced, in addition 
to comparisons being made between the gas and solid phases, the value of R for 
high correlation was decreased.  In spite of the weak correlations on the global and 
regional scales, these data showed the presence of local areas on the modeled 
structures of the charge states that were highly correlated to the X-ray structure, and 
are displayed in Tables 5.5 (Phi) and 5.6 (Psi). 
The regions of high correlation on the local level align with the areas of the 
X-ray structure that correspond to loops and turns.  On the N-terminal globule, the 
region between Lys10 and Gly16 forms a loop and this is one of the places that 
exhibit high local correlation.  Between residues Glu23 and Asp27, a turn is present 
in the X-ray structure and this, too, is a local area of high correlation.  On the C-
terminal, a loop is present between residues Lys82 and Thr94, this also proves to be 
a place of high local correlation between the different charge states and the X-ray 
structure.  The region from Leu124 to Thr127 shows extensive correlation to the X-
ray structure where it occurs at the intersection of a loop and a β-sheet. 
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Table 5.5:  Local areas of high correlation of the torsion angle Phi (φ) for 
modeled charge state and X-ray structure.  The residue indicates the central 
amino acid in correlated sequence.  The numbers 5-15 indicate the number 
of amino acids in the correlated sequence. 
Central 
Residue +10 +11 +12 +13 +14 +15 +16 +17 +18 +19
+20
H106
+20
K109 +21 +22
+23
H144 +24 +25
Ile4 5 5 5 5 5 5 5 5
Phe5 5
Lys14 5
Lys15 7 7
Gly16 5 5 5 9 5 9 5 5 5 5 5 5 5 5 5
Glu17 7 7 7 11 7 11 7 7 7 7 7 7 7 7 7 7
Asp23 11 5 9 11 9 11 15 11 9 9 9 15 9 11 5 15
Gly24 9 7 9 9 9 9 11 9 9 11 9 13 9 9 7 13
Tyr25 7 7 7 7 7 7 11 7 11 11 7 11 7 7 7 13
Ala36 5
Gln55 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Asn64 5 5 5
Ala65 7
Lys66 5
Lys82 5 5 5
Ala83 5 5 5 5 5 5 5 5 5
Gly84 7 5
Glu85 9 5
Gly86 11 7
Gly87 5 13 5 5 9 5
Arg88 7 7 7 7
Leu89 9 9 9 9
Thr94 5 5 5 5 5 5 5 5 5 5 5 5 5
Leu102 5
Ile115 5 5 5 5 5 5 5
Arg122 15
Leu124 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
Gly125 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
Tyr126 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
Thr127 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Number of Correlated Residues by Charge State
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Table 5.6:  Local areas of high correlation of the torsion angle Psi (ψ) for 
modeled charge state and X-ray structure.  The residue indicates the central 
amino acid in correlated sequence.  The numbers 5-11 indicate the number 
of amino acids in the correlated sequence. 
Central 
Residue +10 +11 +12 +13 +14 +15 +16 +17 +18 +19
+20
H106
+20
K109 +21 +22
+23
H144 +24 +25
Gly13 5 5 5 5 5 5 5 5 5 5
Lys14 5
Lys15 7
Gly16 9
Glu17 11
Asp23 5 5 5
Gly24 5 7 7
Tyr25 5 5 5
Asn27 5
Lys45 5 5 5 5 5 5
Glu73 5
Lys74 5
Lys82 5 5 5 5
Gly84 5
Gly86 5 7 7
Gly87 5 5 5
Ser101 5 5 5 5 5 5 5
Gln103 5 5 5 5 5
Asp111 5
Tyr126 5 5 5 5 5 5
Glu136 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Ala139 9 9 7 9
Thr140 5 5 5 5 7 7 7 5 5 5 7 7 7
Leu141 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Number of Correlated Residues by Charge State
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5.4 CONCLUSIONS 
Structures generated by molecular modeling simulations, using HyperChem, 
were correlated to the X-ray structure generated for Ribosomal Protein L9.  Three 
levels of correlations were performed: global, for the entire protein; regional, for the 
three distinct domains; and local, for series of residues ranging from five to fifteen 
amino acids in length. 
On the global scale, the correlation of the models with the X-ray structure 
was poor.  The R constant values were on average below 0.3.  When looking at the 
entire length of the protein chain, there appeared to be little correlation of the 
torsion angles between the amino acids, despite the fact the model structure 
maintained characteristics that were similar to the original X-ray structure.  When 
an individual charge state was correlated to the structure possessing one additional 
charge, the correlation constant values were higher. 
On the regional scale, the correlation of the three domains ranked in order of 
the N-terminal domain being most correlated, followed by the C-terminal domain, 
followed by the α-helix.  The average correlation values for the torsion angles were 
approximately 0.5, 0.3, and 0.2 respectively.  These values also indicated poor 
correlations against the X-ray structure. 
On the local scale, correlations were calculated for as many as 15 residues.  
Despite the apparent absence of correlation for the entire protein and the three 
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structural domains, there exist areas of the protein that are well correlated with the 
X-ray structure.  These regions corresponded to the turns and loops defined in the 
X-ray structure. 
Even though the modeling performed here was of the simplest level, due to 
the size of the protein, program, and computer limitations, it was successful in 
generating structures that correlated regions of an intact gas-phase protein structure 
to its known solid-state X-ray structure. 
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CHAPTER 6: HOW THRESHOLD DISSOCIATION AND 
FRAGMENTATION PATHWAYS RELATE TO STRUCTURE 
6.1 INTRODUCTION 
Ribosomal protein L9 is studied using IRMPD and SORI to investigate its 
gas-phase tertiary structure using threshold dissociation.  The differences in 
dissociation energies are a good indicator of conformational shift.[1]  Also the 
resulting points of cleavage from the charge states are used to evaluate the 
fragmentation mechanisms governing the fragmentation process.  Two distinct 
energy regimes are identified by the IRMPD data with the transition occurring at 
+20. 
Currently, X-ray crystallography remains a reliable method of obtaining 
detailed information about the tertiary structure of a protein.[2,3]  But since the 
protein is crystallized to obtain X-ray structures, the low energy structure is difficult 
to correlate to gas and solution phase structures.  Multi-dimensional NMR can be 
used to determine the solution-phase higher order protein structure.[4]  But for large 
proteins with masses over 20 kDa, interpretation of spectral analysis is very 
complicated. 
A number of methods have been developed in mass spectrometry for 
probing tertiary structure.  Ion mobility and hydrogen/deuterium exchange provide 
 135
information on protein cross-sections and conformer variance.[5-10]  These 
methods provide general information on the gas-phase structure of the analyte, but 
they do not give local structural information.  It has been demonstrated that various 
low energy dissociation studies can yield information describing higher-order 
structure.[11]  The differences in dissociation patterns and in energy thresholds have 
been attributed in part to the gas-phase conformation.  Accommodating all the 
factors that affect conformation is important and necessary to generate realistic 
models of the fragmentation. 
Low energy dissociation methods, IRMPD and SORI, are well documented 
techniques for sequencing peptides and proteins.[12-14]  Work by Gauthier et al. to 
compare the two methods found that both generated comparable data because of the 
slow, stepwise deposition of small amounts of internal energy.[15]  IRMPD 
transfers energy to the target ion via a slow, sequential absorption of multiple 
photons and allows the lowest energy decomposition pathways to be sampled.[16]  
SORI is accomplished using the energy transferred from multiple collisions of the 
low energy ions with a neutral target.[17]  Since only a small increment of energy is 
transferred with each collision, SORI also probes the lowest energy dissociation 
pathway of ions.  Threshold data for the dissociation of L9 using both IRMPD and 
SORI are presented in this chapter. 
There are sites in proteins that fragment more easily and more frequently 
than others.  The facile cleavage of peptide bonds adjacent to aspartic acid and 
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glutamic acid residues is one such example.[18-21]  The presence of the labile 
carboxylic proton on the acidic side chains makes the hydrogen available to initiate 
the fragmentation reaction.  Mechanisms that are both dependent and independent of 
the adjacent residues have been deduced.  The increased occurrence of 
fragmentation has also been observed adjacent to proline.[22,23]  Proline is the only 
naturally occurring amino acid whose side chain is involved in a ring formation with 
the peptide backbone.  Because of this, prolines are usually the site of a turn or a 
bend on the backbone.  With L9 containing seventeen acidic residues and four 
prolines, the effects of these enhanced cleavages are seen in L9’s dissociation. 
In addition to the enhancement of cleavage at certain residues, Coulombic 
effects can majorly impact the dissociation of proteins.  This may be especially 
applicable for the higher charge states produced by the electrospray process.  In 
areas of the protein with high charge density caused by the close proximity of two 
or more charges, the Coulombic effect could make these sites more susceptible to 
cleavage.[24]  The effects of Coulombic repulsions can be observed in positive 
electrospray ions because the fragments will be dominated by charge-induced 
cleavages occurring adjacent to the basic residues. 
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6.2 RESULTS AND DISCUSSION 
6.2.1 Threshold Dissociation of Ribosomal Protein L9 
Charge states +10 through +25 of electrosprayed L9 were individually 
isolated and subjected to IRMPD.  As the laser power was increased to effect 
dissociation, each resulting spectrum was inspected to determine the threshold laser 
power required for dissociation, the sites of fragmentation, and subsequently the 
location were the charges reside.  Threshold laser power was determined to be the 
laser power at which fragments begin to appear in the spectrum.  In each case, an 
experiment was performed where the laser power was set to 0W to serve as a blank 
measurement. 
Figure 6.1 shows the laser power for threshold dissociation of each of the 
observable charge states.  There is a significant delineation of the charge states into 
two groups according to the power required for threshold dissociation to be 
achieved.  The lower charge states (+10 through +19) required laser powers greater 
than 10 Watts for significant dissociation fragments to appear in their mass spectra.  
At charge state +20 and +21, the amount of laser power required for dissociation 
drops significantly and fragment ions begin appearing in the blank spectra where no 
laser power was applied.  For charge states greater than +21, the threshold laser 
dissociation power is lower than 6 Watts.  Tables 6.1 and 6.2 show the complete list 
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of the b ad y fragment ions produced at threshold for the 16 observable charge states 
by IRMPD. 
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Figure 6.1: Graph of laser power (Watts) used to achieve threshold 
dissociation for charge state +10 through +25. 
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Table 6.1:  B fragments generated from the IRMPD threshold dissociation of 
the +10 to +25 charge states of L9 (continued on next page). 
Charge on 
Fragment Fragment +10 +11 +12 +13 +14 +15 +16 +17 +18 +19 +20 +21 +22 +23 +24 +25
1 b10 + + + + + +
2 b10 +
3 b11 +
9 b111 +
10 b111 +
12 b111 +
13 b111 + +
15 b111 +
17 b111 + +
13 b111-H2O +
17 b111-NH3 +
8 b116 +
8 b119 +
12 b119 +
13 b119 +
2 b12 + + + + + +
2 b13 +
13 b134 +
10 b139 +
2 b14 + + +
11 b147 +
11 b147-H2O +
1 b15 +
2 b15 + +
8 b17 +
2 b19 + +
3 b19 + +
2 b23 + + + + + + + + + + + +
3 b23 +
2 b23-H2O +
4 b28 + + + +
5 b28 + +
7 b28 +
4 b29 + + + + +
5 b29 + + + + +
6 b29 + + + +
4 b30 + +
5 b30 + + + +
6 b30 +
Charge States
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Charge on 
Fragment Fragment +10 +11 +12 +13 +14 +15 +16 +17 +18 +19 +20 +21 +22 +23 +24 +25
5 b34 +
4 b35 + + +
5 b35 + +
3 b36 +
4 b36 + + + + +
5 b36 + + + +
6 b36 + +
7 b36 +
3 b37 +
4 b37 + + +
6 b37 +
7 b37 + + +
4 b37-NH3 +
4 b38 + + + + + +
5 b38 +
4 b39 + + + +
5 b39 + + + +
6 b39 + +
7 b39 + + + +
5 b39-NH3 +
1 b4 + + +
3 b40 +
4 b40 + + +
1 b6 +
3 b6 +
1 b7 + + + + +
5 b70 + +
6 b70 + +
1 b8 + +
2 b8 + + + + +
8 b85 +
9 b85 +
1 b9 +
Charge States
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Table 6.2:  Y fragments generated from the IRMPD threshold dissociation of 
the +10 to +25 charge states of L9 (continued on pg 26). 
Charge 
on 
Fragment Fragment +10 +11 +12 +13 +14 +15 +16 +17 +18 +19 +20 +21 +22 +23 +24 +25
11 y107 +
9 y109 +
2 y11 +
15 y110 +
18 y110 +
10 y111 +
18 y112 +
18 y112-H2O +
13 y113 +
13 y113-H2O +
18 y119 +
17 y120 +
18 y120 +
8 y126 + +
9 y126 +
10 y126 +
10 y130 +
13 y130 +
10 y134 + +
9 y138 +
8 y139 +
9 y139 +
10 y139 +
11 y139 +
11 y139-H2O +
11 y141 +
14 y141 +
11 y142 +
10 y148 +
11 y148 +
3 y15 + + + + +
1 y2 + + + +
3 y20 +
8 y29 +
4 y30 + + + + + + + + + +
5 y30 + + + +
3 y33 +
4 y33 +
5 y37 +
5 y38 + + + + + + + + +
6 y38 + + + + +
7 y38 + +
Charge States
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Charge on 
Fragment Fragment +10 +11 +12 +13 +14 +15 +16 +17 +18 +19 +20 +21 +22 +23 +24 +25
8 y38 + +
5 y38-H2O +
6 y38-H2O +
1 y4 + + + + +
9 y47 +
1 y5 +
2 y5 + + + + +
1 y6 + +
2 y6 +
3 y6 +
7 y64 + + + +
3 y7 + + +
6 y72 +
7 y72 +
7 y75 +
8 y79 +
2 y8 + + +
3 y8 +
4 y8 +
1 y8-NH3 +
12 y95 + +
Charge States
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Figure 6.2:  Expanded regions of the +18, +19, and +20 IRMPD threshold 
spectra to illustrate the fragmentation seen, b and y fragments are labeled.  
Unlabeled peaks are likely unidentified internal fragments. 
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Protein dissociation is influenced by the location of charge and by the 
conformation of the electrosprayed ion the gas-phase.  Since protein conformation 
can play an important role in dissociation pathways, looking at the dissociation 
energy at threshold is important.  In the case of an unfolded protein, there may be 
sections along the backbone which are more susceptible to cleavage because those 
residues are not experiencing the stabilizing interactions associated with secondary 
structure.  A folded protein could possess a more strained structure that may result 
in more facile dissociation.  Also, the increased charge density of a folded protein 
containing the same number of charges as its unfolded analog could result in more 
dissociation.  The difference in charge density could explain why lower threshold 
dissociation energies were needed for the higher charge states. 
 
6.2.2 SORI Threshold Dissociation  
SORI was performed on the +20, +21, and +22 charge states in order to 
confirm the extreme drop in the threshold laser power observed with IRMPD data.  
The average kinetic energy was calculated for each of these charge states using the 
Equation 6.1: 
2
22
)(4 ω∆=>< m
qEEtr    Equation 6.1 
where q and m are the charge and mass, E is the electric field amplitude, and ∆ω is 
the difference, in Hertz, between the excitation frequency and the natural cyclotron 
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frequency of the ion.[25]  The calculated values for the threshold energy for the 
+20, +21, and +22 were used to calibrate the threshold laser power and the results 
are shown in Table 6.3.  The dramatic drop in average kinetic energy from the +19 
to the +20 is highly suggestive of a conformational shift.  This difference could be 
attributed to a more strained conformation occupied by the higher charge states.  
This tighter conformation puts strain at different sites that become more susceptible 
to fragmentation. 
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Table 6.3:  Calibration of threshold laser power to eV using the average 
kinetic energy calculated from the SORI data. 
 
Charge 
State
Laser Power
(Watts)
Avg. Kinetic 
Energy
(eV)
+10 12 4.96
+11 10 4.25
+12 11 4.61
+13 12 4.96
+14 14 5.67
+15 10 4.25
+16 10 4.25
+17 12 4.96
+18 14 5.67
+19 12 4.96
+20 0 0.70
+21 0 0.70
+22 2 1.41
+23 3 1.77
+24 4 2.12
+25 6 2.83  
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6.3 FRAGMENTATION OF L9 
The IRMPD data showed general fragmentation across the N- and C-
terminal domains.  On the N-terminal, one concentrated region of fragmentation 
was located from Leu35 to Thr40 which contains only one acidic residue.  This 
region is immediately adjacent to the central α-helix and is defined as a β-sheet from 
X-ray diffraction.  NMR data describe this region as having the characteristics of a 
hinge, affording movement of the N-terminal domain.[26]  This characteristic would 
explain the increase of fragmentation seen there.  Of the 24 peptide bonds locations 
that were cleaved, 12 of them were adjacent to basic residues, and 4 were adjacent 
to acidic residues.  The relative abundance of the fragments formed from cleavages 
adjacent to acidic or basic residues was at least an order of magnitude greater than 
the other abundances.  If protons were not sequestered on the side chains, and were 
freely moving along the backbone, all peptide bonds would cleave with the same 
probability.[27] 
In the charge states +10 through +13, the region from Lys2 to Lys15 showed 
extensive fragmentation adjacent to basic residues.  This series of amino acids forms 
a loop or random coil and is so defined because there are no characteristic of 
secondary structure associated with those residues.  The absence of secondary 
structure and the stabilizing interactions it involves could result in more 
fragmentation being observed. 
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On the C-terminus, at threshold, the fragment sites were abundant from 
Lys142 to Gln148, which has a β-sheet secondary structure for X-ray diffraction.  
Another region with abundant cleavages was from Lys110 to Ile121.  Loops do not 
participate in stabilizing side chain interactions and that could make this area more 
susceptible to fragmentation. 
The α-helix did not exhibit any significant fragmentation.  At threshold, 
three were seven cleavages in the α-helix and six were adjacent to either basic or 
acidic residues.  It appears that the even though the molecular modeling simulations 
were unable to retain the helical structure of this region, there was some increased 
stability afforded to it that could be indicative of some retention of the helix in the 
gas-phase. 
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6.4 CONCLUSIONS 
The discontinuity in the average kinetic energy at threshold between the +19 
and +20 charge states is a strong indicator that there is a conformational shift in the 
protein structure that occurs at this point.  The additional in charge could be 
increasing the charge density on the ion and thus, increasing the Coulombic forces 
resulting in more facile fragmentation.  Alternately, the increase in charge could 
result in self-solvation and stabilization of a more compact conformation that could 
introduce additional strain on certain areas of the molecule.  It is unclear which of 
these principles is at work in this system. 
A fragmentation pathway is favored that results in cleaves C-terminal to 
acidic residues.  This suggests that the carboxylic hydrogens are inducing the 
cleavages.  The presence of a high number of fragments that occur adjacent to the 
basic residues also supports this model.  
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